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“I believe all complicated phenomena can be explained by simpler scientific principles.”
-Linus Pauling
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Abstract
Structural disorder has a profound effect on a material’s physical properties and can be harnessed
for diverse technological applications.

For example, the transport properties and radiation

response of complex oxides are strongly influenced by the ability of the structure to accommodate
disorder while maintaining crystallinity.

This research focuses on the structural details of

disordered complex oxides which are more intricate that previously believed with the actual atomic
arrangements exhibiting distinct ordering across different material length scales (heterogeneous
disorder). Disordered spinel (AB2 O4 ) and pyrochlore (A2 B2 O7 ) structures are characterized and
the atomic arrangements are probed with advanced characterization techniques, such as spallation
neutron total scattering with high sensitivity to oxygen. The cation inversion mechanism in
spinel structures is shown to be more fundamentally the relative fraction of a locally-ordered
structural unit. This behavior, along with similar findings in pyrochlore oxides, is rationalized by
straightforward extension of Pauling’s Rules (“The Principles Determining the Structure of Complex
Ionic Crystals”). The knowledge gained from this work is directly relevant for several energy and
nuclear technologies as fundamental insight into the atomic-scale structure of complex oxides can
be used to engineer specific functionalities such as radiation tolerance and ion conduction.
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Chapter 1

Introduction

1

1.1

Overview

To comprehensively understand, or solve, a crystal structure entails determination of all the atomic
positions within a chemical compound [1]. In theory, for macroscopic amounts of material, this
would require precise specification of over 1023 atom locations. In practice, however, application
of Bragg’s Law [2],
nλ = 2d sin θ,

(1.1)

reduces such a problem down to a small set of parameters dependent only on the fact that in
crystalline materials, atoms will arrange themselves according to some translational symmetry.
Incident radiation of wavelength, λ, is scattered through angle, θ, yielding information about
periodic lattice planes with spacing, d. From this information, unit cell parameters can be
determined with precision of 10−4 ; in principle, this would require a probe with a wavelength
of 10−4 (e.g. 125 MeV photons or 10 GeV electrons), but Bragg’s law makes such determination
possible with an inexpensive, 40 kV bench-top X-ray source [3].

Bragg’s law, however, is

only truly applicable to materials with perfect structural periodicity, or "ordered materials." To
understand deviations ("disorder") from the ideal ordered structure, it is crucial to first understand
the fundamental chemical rules that govern the formation of an ordered structure. In the following
sections, Pauling’s rules for the structure determination of complex ionic materials, the systematics
of the spinel and pyrochlore structures, and various disordering mechanisms for complex oxides
are reviewed.

2

1.2

The Principles Determining the Structure

of Complex Ionic Crystals
In 1914 and 1915, the Nobel Prizes in Physics were awarded to Max von Laue and William
Henry and William Lawrence Bragg for their discovery of X-ray diffraction and its utilization
for analysis of crystal structures. There was desired an interpretation of the new X-ray data that
aligned with the new field of quantum mechanics, particularly with Niels Bohr’s view of the atom
(electron shells with discrete energy levels). By 1925, Werner Heisenberg was developing "new
quantum mechanics" with his matrix mechanics formulation. Linus Pauling, a leading chemist
at the time, found this matrix mechanics quantum interpretation too difficult to apply to the
field of crystallography [4]. Simultaneously, Erwin Schrödinger developed his wave mechanics
interpretation of quantum theory (later shown to be identical to Heisenberg’s matrix mechanics)
and Pauling found this model much more suitable for applications to crystal structures. Using
Schrödinger’s equation to elucidate the electron density distribution around ions, Pauling published
a list of ionic radii [4] that agreed very well with X-ray determination of simple structures.
In 1929, Pauling published the five principles that determine the structure of ionic compounds
[5].

Known as "Pauling’s Rules," they are taught in every introductory chemistry course.

Fundamentally, the collection of charged particles within a material gives rise to the following
expression for the equilibrium energy of the material:

!
1
z 2 e2 A
1−
,
Φ=−
R
n

3

(1.2)

Table 1.1: The values of the minimum radius ratio for various coordination polyhedra identified
by Pauling [6].
polyhedron
Cube-octahedron
Cube
Square antiprism
Octahedron
Tetrahedron

coordination number
12
9
8
8
7
6
4

minimum radius ratio
1.000
0.732
0.732
0.645
0.592
0.414
0.225

where z stands for the charge state of the ions, R is the equilibrium distance between adjacent ions
and A is the Madelung constant for the structure. Given below is an overview of Pauling’s rules
which are formulated to minimize equation 1.2.
1. A polyhedron of anions is formed around each cation. The distance between the cation and
anion is given by the sum of the ionic radius of the cation and anion; the coordination number
of the cation is given by the ratio of the ionic radius of the cation to the anion (known as the
"no-rattle rule", Table 1.1).
2. In a stable structure, the electric charge of each anion is compensated by the sum of the cation
valence sums reaching it. In other words:

ζ=

X

si =

i

X zcation i
,
C Ni
i

(1.3)

where s is the bond strength between the cation and anion, z is the charge state of cation i, and
CN is the coordination number of cation i. This rule is also referred to as the "electrostatic
valence sum rule".
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3. The sharing of polyhedral elements decreases the stability of a structure. Stability decreases
the most when polyhedral faces are shared, followed by edges, vertices, and the structure is
most stable when polyhedra are isolated from one another.
4. In a crystal with more than one cation species, the cations with higher valence and smaller
coordination will not share polyhedral elements with one another.
5. The number of unique crystal elements tends to be minimized (also known as the "Rule of
Parsimony").
Since the publication of this set of rules, there have been many attempts to further improve this
model. For instance, much work was done in the late 1960’s and 1970’s by Shannon and Brown to
update the database of known ionic radii [7]. Brown further developed the Bond Valence Theory
[8] centered around the idea that bond valence is a function of interatomic distance (r M−O ):

r M−O

s
=
s0

! N −1
(1.4)

with s being the bond valence sum and s0 and N being empirical parameters determined for each
pair of bonded ions. This advance provided potential for not only predicting crystal structures, but
also bond lengths and angles. Further work by Gibbs et al. [9] found that a similar expression was
true for most elements bonded to oxygen, but requiring only a single pair of empirical parameters.
Gibbs et al. [10] then reported that a nearly identical relationship existed between bond lengths
and electron density between bonded ions:

"

1.41
hρ(rc )i = r
r M−O
5

# 4.76
,

(1.5)

Figure 1.1: Estimated electron density at the bond critical point vs. Pauling’s second rule. The
solid black line is a linear regression to the data; remarkably, the regression is ρ(rc ) = s. Figure is
taken from Ref. [11].

where hρ(rc )i is the electron density at the bond critical point and r is the row of the periodic
table that the metal resides on. As electron density increases, the strength of the bond increases,
and the bond length decreases. Gibbs et al. [11] also wished to compare these results with the
original formulation of Pauling, or understand the relationship between hρ(rc )i and s. While
computing s simply required knowledge of the ion charge state and coordination numbers, reliable
estimates of the ionic radii had to be employed to calculate hρ(rc )i. Using Shannon’s crystal radii
[7], estimates of interatomic distances were used to calculate the electron density between bonded
ions. For example, it is expected, based on Shannon’s radii, that U4+ and O2− should have a bond
length of 2.38 Å. Using this bond length, bond valence theory predicts a bond valence of 0.4847,
requiring the bond length and two empirical parameters to compute. Using the same bond length,
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equation 1.5 for electron density estimates an electron density of 0.5, this time only requiring the
bond length. Pauling’s second rule, however, yields a bond strength of 0.5, calculated simply by
dividing the uranium charge state (4) by the expected/observed uranium coordination number (8).
Implausibly, this relationship holds for almost all atoms over every row of the periodic table such
that that the estimated electron density distribution correlates on a one-to-one basis with Pauling’s
bond strength (Figure 1.1). It was further discussed [12] that because the atoms of a crystal need
be neutral over longer length scales, it makes no difference whether the bonding character is ionic
or covalent and that the electrostatic bond strength for a bonded interaction should simply be taken
as Pauling’s bond strength. Gibbs concludes, "This is testament to Pauling’s genius in choosing
a simple parameter like bond strength as a measure of the strength of a bonded interaction [11]."
The implication of such a relationship is that Pauling’s bond strength is a direct measure of the
accumulation of electron density between a pair of bonded atoms.

1.2.1

The AB2 O4 Spinel Structure

Spinel structures (materials that are isostructural with MgAl2 O4 spinel) are complex oxides
which encompass a class of materials utilized in many geological, industrial, and radiological
environments [13]. Compositions that adopt the spinel structure exhibit a variety of chemical
[14, 15], electric [16, 17], and magnetic [18, 19] properties. The large, 56-atom unit cell (isometric
space group Fd-3m [20, 21]) can be imagined as a three-dimensional checker board pattern of 4
cubes containing A2 O4 and 4 cubes containing B4 O4 assembled in a 2×2×2 supercell of the rock-salt
2−
structure with constitutional cation vacancies. In "normal," A2+ B3+
2 O4 spinels, the divalent A-site

and trivalent B-site cations occupy the tetrahedrally coordinated 8a and the octahedrally coordinated
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Figure 1.2: The fundamental building block of the spinel structure. Each oxygen (red) is
coordinated with one A-cation (orange, tetrahedrally coordinated) and three B-cations (blue,
octahedrally coordinated). The bond between the A-cation and the oxygen lie along the [111]
direction of the isometric unit cell. The size of the A-cation dictates how far the oxygen will relax
away from the ideal cubic-closed-packed arrangement.

16d Wyckoff sites, respectively. These cations are arranged such that they can imagined as two
inter-penetrating sublattices. The A-site cations are arranged on a diamond lattice while the B-site
cations form a pyrochlore lattice (Figure 1.4) [22]. The high degree of symmetry present in this
cubic arrangement limits the free structural parameters to the unit cell parameter, a, the position
of the oxygen ion given by the anion parameter u, and the fraction of aliovalent cation substitution
expressed by the inversion parameter i [20]. A "normal" spinel structure is an ideal example of
Pauling’s second rule. In this case, each oxygen is coordinated with a 2+ cation in 4-coordination
(bond strength 2/4 = 0.5) and three 3+ cations in 6-coordination (3/6 = 0.5). This forms the basis
for the fundamental building block of the spinel structure (Figure 1.2). The bond strength sum
reaching the oxygen cancels out its charge (+2-2=0).
8

The isometric spinel unit cell can be converted into a primitive trigonal cell [23] with
rhombohedral axes by the following transformation:

Pcubic→trigonal



 1/2 0 −1/2



=  0 −1/2 1/2  .




−1 −1 −1 

(1.6)

In the R-3 representation of the spinel structure, four atomic layers are observed (Fig. 1.3). The first
layer (“cation layer A”) is 3/4 dense triangular net of B-cations. The systematic removal of 1/4 of the
triangular net yields a Kagome lattice. The second layer (“anion layer B”) is a fully dense triangular
net of oxygen; the fourth layer is identical, but with a registry shift such that three successive anion
layers form an ABCABC cubic close-packed arrangement. The third layer (“cation layer C”) is
actually a triple-degenerate compound layer, but when taken in whole, is a fully dense triangular
net of cations. The areal density of layer C, however, is 3/4 of the areal density of layer A. This
effect can be seen in the hexagonal overlays in Fig. 1.3. To satisfy the overall stoichometry of the
compound, 1/3 of the cations in layer C must be B-cations. The systematic subdivision of a fully
dense triangular net into thirds yields a ”honeycomb“ lattice of A-cations with B-cations in the
interstices. In total, the layering sequence of spinel along the z-axis is:

3
M 3 + O + M + O = M 3 O2
4
2
4

(1.7)

M3 + O4 + M3 + O4 = M6 O8

(1.8)

B3 + O4 + A2 B + O4 = 2 ( AB2 O4 )

(1.9)

9

Figure 1.3: The 4 layers that comprise the R-3 representation of the “normal” spinel structure. The
blue atoms are the B3+ cations in octahedral coordination, the yellow atoms are the A2+ cations in
tetrahedral coordination, the red atoms are the 32e oxygen.
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Figure 1.4: The network of corner-sharing tetrahedra known as the "pyrochlore lattice". This
arrangement is found in pyrochlore (A and B cations) and spinel (B cations) structures.

1.2.2

The A2 B2 O7 Pyrochlore Structure

Over 500 possible combinations of A- and B-site cations make the range of compositions that adopt
the A2 B2 O7 pyrochlore structure rich in chemical diversity [24]. Pyrochlore is isometric, belonging
4+
to space group Fd-3m and considered a derivative of the AO2 fluorite structure. A3+
2 B2 O7

Pyrochlore structures typically contain a trivalent lanthanide, Y, or Sc as the A-cation and a
tetravalent 3d, 4d, or 5d transition metal (most notably Ti, Zr, and Hf) as the B-cation. If the
cations are more similar in size (r a /r b ≤ 1.46: Gd2 Zr2 O7 ), the composition will not adopt the
pyrochlore structure, but instead an anion-deficient fluorite structure. Conversely, if the ratio is
too large (r a /r b ≤ 1.78: Sm2 Ti2 O7 ), the pyrochlore structure will not form [25]. In contrast
with spinel structures, which contain cation vacancies and a fully occupied anion sublattice, the
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pyrochlore structure exhibits a fully occupied cation sublattice and ordered anion vacancies (8b).
The A- and B-sites are typically occupied by metal cations such that the A cation (predominately
rare earths of ionic radius ∼ 1 Å) is scalenohedronally coordinated with six 48f oxygen and two
8b oxygen and the B cation (titanium group with ionic radius ∼ 0.6 Å) resides in a trigonally
flattened octahedron coordinated with six 48f oxygen [25]. The free x-position parameter of the
48f oxygen governs the geometry of the cation polyhedra. When x = 0.375, the structure is fluoritelike, with cation A in perfect cubic coordination and when x = 0.3125, cation B is in perfect
octahedral coordination. Therefore, the x-position parameter of the 48f oxygen anion is a direct
measure of structural distortion away from the ideal fluorite arrangement. The range of values
that this parameter can adopt is dependent upon the ionic radii of the constituent elements. The
B2 O6 framework (comprised of BO6 corner-linked octahedra) is considered the "backbone" of the
pyrochlore structure and governs the size of the unit cell parameter.
The pyrochlore structure is another example following from straightforward applications of
Pauling’s rules. Generally, the 3+ cation falls within the radius ratio window associated with
an 8-coordinated cube (given by the first rule) while the 4+ cation falls within the radius ratio
window associated with a 6-coordinated octahedra. Application of the fourth rule implies that
the 4+ cation in 6-coordination will prefer not to share polyhedral elements with one another.
However, the stoichiometry of the structure (7:2 oxygen:4+ cation ratio) cannot be satisfied by the
constraints of isolated BO6 octahedra, these octahedra must share vertices. One anion resides on
the 8a site coordinated by 4 trivalent cations (bond strength 1.5) and another resides on the 48 f
site coordinated by two trivalent and two tetravalent cations (bond strength 2.083̄). The existence
of these anions in a 6:1 ratio causes the net over- and under-bonding of the anions to cancel when
summed over the entire unit cell.
12

A3B layer
A3+ (cube)
B4+ (octahedron)

AB3 layer

Figure 1.5: The fundamental layers of the pyrochlore structure observed by viewing down the
<111> direction of the Fd-3m representation.
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The cubic pyrochlore structure can also be converted to a primitive trigonal cell with
rhombohedral axes using matrix 1.6. Viewing the pyrochlore structure in the R-3 representation
yields insight into the fundamental layers and building blocks of the pyrochlore structure (Fig. 1.5).
The individual layers that make up the structure are, in order: (1) a fully dense anion layer, (2) a
fully dense cation layer, (3) a fully dense anion layer, (4) a 3/4 dense anion layer, (5) a fully dense
cation layer, and (6) a 3/4 dense anion layer. Each of the 3/4 dense anion layers forms a kagome
lattice. The first three individual layers (1-3) can be taken together as one “compound layer” with
M4 O8 stoichiometry and the last three individual layers (4-6) form a second compound layer with
M4 O6 stoichiometry. In this way, the pyrochlore structure can be imagined as an ABABAB stacking
of two types of compound layers. The first layer has a stoichiometry A3 BO8 (kagome lattice of B
cations with A cations in the interstices) and the second layer has a AB3 O6 stoichiometry (kagome
lattice of A cations with B cations in the interstices). The ordered anion vacancies are contained
within the AB3 layer. This layered representation can be also seen by viewing down any of the
three <111> directions of the Fd-3m pyrochlore structure.

1.3

Disordering Phenomena in Complex Oxides

While the power of Bragg’s law depends on perfect structural periodicity, perfect crystal structures
only exist in textbooks or thought experiments. Real materials always contain defects that are
deviations from the ideal long-range ordering of the material [26]. At room temperature, materials
will contain some density of point defects due to thermal effects, still allowing for crystal structure
determination with application of Bragg’s law. Certain materials, however, can feature defects
and structural disorder so extensive that other more advanced methods of characterization must be
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employed. Contained in this section is a review of disordering mechanisms relevant to this research
proposal.

1.3.1

Intrinsic (Composition-Dependent) Disorder

Cation Inversion in Spinel
Spinel structures exhibit a close-packed anion sublattice and constitutional cation vacancies. Nearly
all reported chemical compositions adopting the spinel structure feature disordering of the cation
sublattice:
[Bi A1−i ] IV [Ai/2 B1−i/2 ]V2 I O4

(1.10)

where the i is the inversion parameter, defined as the fraction of tetrahedral A-sites occupied by
the trivalent B cations. The spinel is defined as fully “normal” (section 1.2.1) when i = 0.0 [27],
fully “inverse” when i = 1.0 [28], and “random” when i = 0.667 such that cations are randomly
distributed across all sites [29]. Synthetic MgAl2 O4 is an example of a mostly normal spinel with
inversion values reported anywhere from 0.1 to 0.5 based on processing methods [30, 31, 32],
while NiAl2 O4 is generally an inverse spinel with i = 0.8-0.9 depending on the thermal treatment
[33]. In a solid solution binary of MgAl2 O4 and NiAl2 O4 , the inversion parameter was shown
to increase linearly across the series: as more Ni was substituted, the compositions became more
inverse [13]. This effect can be attributed to the competing physics of Pauling’s 1st rule [5] (“as
cation valence increases, small interstices and small coordination numbers become preferable”) and
the Verwey-Heilmann principle of maximal charge neutralization [34] (“if neutralization of charge
is to be sharply localized around cations, then cations of high valence will have large coordination
numbers, so as to be neutralized efficiently by numerous anions in the first coordination shell”).
15

Figure 1.6: Simulated (a) x-ray and (b) neutron diffraction patterns of MgAl2 O4 spinel exhibiting
various levels of cation inversion.

Simply stated, inversion in Mg1−x Ni x Al2 O4 spinel is a competition between larger cations with
lower charge and smaller cations of larger charge for occupation of the larger sites with higher
coordination and smaller sites with lower coordination.
While spinel structures are ideal for the study of the fundamental principles of disorder, the
experimental, quantitative characterization of this disorder, however, has been challenging. Initially,
x-ray diffraction (XRD) experiments could only elucidate the inversion parameter of a sample if
the x-ray scattering efficiency of the A-site and B-site cations were significantly different [28].
As the x-ray scattering efficiency of magnesium and aluminum are nearly identical, cation site
occupancies cannot be calculated for MgAl2 O4 with x-ray diffraction (Figure 1.6). In 1947, Bacon
[27] noted that the neutron scattering cross section of magnesium cross section is much larger
than aluminum and inferred the inversion of MgAl2 O4 from neutron diffraction experiments using
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Figure 1.7: Neutron diffraction intensities of selected peaks from a MgAl2 O4 spinel sample. The
neutron diffraction experiment was performed by G.E. Bacon and this table is taken from Ref. [27].

the ratios of various Bragg diffraction intensities (Figure 1.7). Later studies utilized a variety of
techniques such as infrared absorption (IR), nuclear magnetic resonance (NMR), and magic-anglespinning NMR [35], to confirm the partly inverse character of MgAl2 O4 and suggested a possible
relationship between cation inversion and the spinel space group symmetry [31]. With optical
fluorescence, Cr3+ in chromium-doped MgAl2 O4 was shown to be displaced from the center of
its octahedral interstice, a distortion incompatible with Fd-3m symmetry [36]. Debate ensued
over whether spinel actually belongs to the F-43m space group, in which distortion from Fd-3m
symmetry creates an additional tetrahedral cation site [37]. Schmocker, Boesch, and Waldner,
using a local structure probe, electron-spin-resonance (ESR) [32], proposed that inversion may
be caused by locally correlated displacements of cations. The consequence of this hypothesis is
that spinels may consist of locally-ordered structural domains with reduced symmetry coexisting
17

with the higher symmetry long-range structure [31]. There was, however, no further experimental
evidence for this hypothesis.
Evidence that local structural properties play a key role in spinel inversion was also suggested
by density functional theory (DFT) calculations on CoAl2 O4 [38]. Local Co2+ behavior was found
to be largely responsible for variations in the electronic and magnetic properties. Extra bands
were observed with Raman spectroscopy, performed on inverse spinel NiAl2 O4 , and credited to
local structural distortions that relax Raman selection rules of cubic symmetry [39]. Additionally,
the Raman spectrum of inverse spinel NiFe2 O4 revealed unexpected, additional phonon modes
attributed to short-range ordering of a local tetragonal P41 22 or P43 22 symmetry [40]. Recently,
Shamblin, J. et al. probed the long-range and local structure of disordered complex oxides, including
MgAl2 O4 and NiAl2 O4 spinels, with neutron total scattering experiments [41]. Pair distribution
function (PDF) analysis showed that the inverse NiAl2 O4 spinel was modeled with higher accuracy
by a lower-symmetry tetragonal P41 22 phase in which inversion creates an additional octahedral
cation site. As with previous studies in which the Fd-3m model was used, this approach defined
inversion as the exchange of cations on available sites, but it suggests that only specific octahedral
sites participate in the disordering process, while the remaining octahedral sites are fully occupied
by Al3+ .

Order-Disorder Transformation from Pyrochlore to Defect Fluorite
The stability of ordered pyrochlore structures is dependent on the ratio between the ionic radii of
the A- and B- site cations. When this ratio is below ∼1.46, a disordered, defect fluorite structure
(A0.5 B0.5 O0.875 , space group Fm-3m) is preferred. In this arrangement, both anion and cation
sublattices are randomized [42] due to the similar sizes of the cations and associated necessary
18

Figure 1.8: Figure taken from [43] highlighting oxygen site occupancies as a function of Zr4+
content in Y2 Zr y Ti2−y O7 . This study, utilizing neutron diffraction, offers one theory as to
sublattice disordering phenomena during a compositionally-driven pyrochlore-to-fluorite orderdisorder transformation.

charge balance on the oxygen sublattice. This makes pyrochlore an unusual oxide as both sublattices
participate in the order-disorder transformation [25]. Several studies have probed the transformation
of pyrochlore to defect fluorite structures via solid solution series in which one end member adopts
the ordered pyrochlore structure and the other adopts the fully disordered defect fluorite structure.
During the transformation from pyrochlore to defect fluorite, there is observed the formation of
cation antisite defects and anti-Frenkel defects,

0

00

··
AXA + BBX + OOX → AB + B ·A + VO48
f + OV 8b

(1.11)

but there has been much debate as to whether one defect species motivates the other, or if they
occur independently from one another. A study by Moon and Tuller in 1990 [44] argued that
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in Gd2 Zr y Ti2−y O7 , increasing x leads to a sharp increase in oxygen conductivity attributed to a
systematic and continuous disordering of the oxygen sublattice. Another study by Glerup et al.
in 2001 [45] utilized XRD and saw a continuous disordering of all anion sites immediately upon
substitution of Zr for Ti in Y2 Zr y Ti2−y O7 . They also argued that y ' 1.2 is the threshold for
disordering of the cation sublattice. In other words, up to this concentration, the dopant Zr4+ has
been confined to the octahedral B-sites. In contrast, a study by Heremans et al. in 1995 [43] found
in Y2 Zr y Ti2−y O7 that initially upon substitution of Zr for Ti, only the O48 f (nearest neighbor oxygen
to the vacant site) participates in the anion disordering (Figure 1.8). Further, they found that in a
range from 0.90 ≤ y ≤ 1.20, some +4 cations occupy the A-site at the expense of the Y3+ . This
study, therefore, argues that anion and cation disordering is decoupled; moreover, disordering across
specific cation sites is also a two-step process. Also implied by Ref. [43] is the lack of short-range
vacancy or cation ordering as atomic species are believed to truly be randomized on their respective
sublattices. This largely agrees with a later study performed by Norberg et al. [46] in which the
same compositions were examined with Reverse Monte Carlo modeling of neutron total scattering
experiments performed on the same compositions (Y2 Zr y Ti2−y O7 ). In summary, much still remains
to be explained about the systematics of the pyrochlore-to-defect fluorite transformation particularly
with regard to the actual atomic arrangements during the transition and the role of both sublattices.
Recently, Shamblin et al.

[41] performed neutron total scattering to investigate two

compositions: the ordered pyrochlore, Ho2 Ti2 O7 , and the disordered defect fluorite structure,
Ho2 Zr2 O7 . Through Fourier analysis of the total scattering data, pair distribution functions (PDFs)
were analyzed and found to differ significantly from the expected distribution of pair correlations
associated with the observed long-range structure. It was shown that a better model of the local
structure was a fluorite-derivative weberite-type (Ccmm) structure [47] that contains ordered oxygen
20

Figure 1.9: Relation between fluorite-derivative structures.

vacancies, a specific cubic site (occupied solely by the Ho3+ cation), specific octahedral site
(occupied solely by the Ti3+ cation) and a distorted mono-capped seven-coordinated octahedral site
(with 50/50 occupancy of both cations) (Figure 1.9).
Analogous to the solid solution binary, the same transformation from ordered pyrochlore to
disordered defect fluorite can be induced through non-stoichiometry. For instance, the composition
Nd2 Zr2 O7 adopts the ordered pyrochlore structure. However, in the series, Nd x Zr1−x O7−0.5x , the
pyrochlore structure is only stable for values of 0.33 ≤ x; below this value, a complex two-phase
structure is observed from 0.3 ≤ x ≤ 0.33, and below 0.3, the composition adopts the defect
fluorite structure [48]. At lower values of x, Nd no longer stabilizes the cubic, fluorite phase and the
material becomes isostructural with the tetragonal (and ultimately, monoclinic) phases of zirconia.
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Figure 1.10: The phase diagram of A2 TiO5 structures. The behavior of A = Dy is highlighted.
Phase diagram is adapted from Ref. [49].

The "Stuffed" Pyrochlore Structure
Disorder can be induced in pyrochlore compositions (A2 B2 O7 ) by "stuffing" A-site cations onto
the B-site. This will lead to disordering of the octahedral sites, governed by the general formula:
A2 (B2−x A x )O7−x/2 . When x=0, the composition adopts the fully-ordered pyrochlore structure
(Subsect. 1.2.2). When x=0.667, the family of compositions has the empirical formula A2 BO5 .
Rare-Earth materials that adopt this general formula exhibit great structural diversity as they undergo
reversible high-temperature phase transformation between cubic, hexagonal, monoclinic, and
orthorhombic polymorphs The orthorhombic "2-1-5," structure is perfectly ordered, but contains
highly unusual cation coordinations which provide a high degree of structural flexibility [50]. The
A cations reside in two different 7-coordinated octahedra and cation B occupies a 5-coordinated
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square pyramid. Unlike the spinel (M3 O4 ) and pyrochlore (M4 O7 ) structures, the layered atomic
arrangement for this orthorhombic M3 O5 structure has not previously been reported. The hexagonal
polymorph of this family belongs to space group P63 /mmc and exhibits [ABABAB] six-layer close
packing [49]. This structure contains one disordered site in which vacancies and the A and B
cations share occupancy. The cubic structure is a disordered pyrochlore-like structure; the extra A
cations reside in the B-site distorted octahedra and oxygen vacancies are limited to the 48f site.

1.3.2

Extrinsic Disorder

Particle Irradiation
Complex oxides exhibit a range of responses to heavy ion irradiation [51]. For instance, a link has
been drawn between the ratio of the cation radii in pyrochlore structures and the energy required
to form a cation antisite defect (Figure 1.11) and thus the propensity of the structure to amorphize
under irradiation. Calculations from Ref. [51] yield cation antisite defect formation energies of
∼6.0 eV and ∼3.6 eV for Gd2 Ti2 O7 and Gd2 Zr2 O7 , respectively. Due to the low energy cost of
creating a cation antisite defect, it was predicted that under ion irradiation, Gd2 Zr2 O7 would resist
amorphization better than Gd2 Ti2 O7 . Indeed, such behavior has been observed. Studies by Weber
et al. [52, 53] demonstrated that Gd2 Ti2 O7 doped with 244 Cm amorphizes due to overlap of both
alpha-recoil tracks and fission fragment tracks. Other studies, by contrast, have elucidated the
excellent amorphization resistance of Gd2 Zr2 O7 [54, 55]. In this case, the material undergoes
a transformation to the disordered, defect fluorite. For intermediate compositions of the solid
solution binary, Gd2 (Ti,Zr)2 O7 , complex track structures have been observed in which the core of
the ion track is amorphized but surrounded by a disordered defect fluorite shell and/or defect-rich
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Figure 1.11: Contour map with the isolated cation antisite defect formation energy for compounds
with the A2 B2 O7 stoichiometry. Open symbols correspond to pyrochlore structures and checked
symbols correspond to defect fluorite structures. Figure taken from Ref. [51].

pyrochlore volume [56, 57]. Uberuaga et al. [58], using atomistic simulation techniques, also
drew the conclusion that in materials with fully dense cation sublattices (e.g. fluorite-derivatives),
amorphization resistance correlates with the ease of the cation sublattice to disorder. A reverse trend
was identified for spinel structures in which amorphization resistance was linked to the difficulty
to disorder.

Mechanochemical Synthesis
Mechanochemical synthesis has been shown to be a direct pathway for preparing pyrochlore
structures starting from the corresponding oxides, and using yttria partially-stabilized zirconia
(YPSZ) vials and grinding media. Mechanical milling eliminates the need for extreme temperatures
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as the final structure is achieved without any need of thermal treatment [59]. Many complex
oxides proposed for energy-related applications have been synthesized by mechanochemical
means, providing through highly non-equilibrium conditions access to complex nanostructures
and heterogeneous properties [60, 61]. This preparation route can facilitate the synthesis of known
compositions with novel structural or energetic states [62]. For example, high levels of cation
disorder has been produced in spinel oxides by milling at room temperature, which by conventional
solid state reaction would require thermal treatment at ∼2000 K [63]. Similarly, pyrochlore oxides
have been synthesized in a fully disordered state previously only attainable by energetic particle
irradiation [64]. In general, these milled compounds are defect-rich and highly disordered. A
common strategy for investigating the mechanochemical synthesis of a certain material involves
collection and analysis of x-ray diffraction patterns as a function of milling time or post-milling
annealing temperature. The unique structural features induced by the milling process, however,
are often absent from such analysis [65], with diffraction being insensitive to local distortions and
short-range ordering. Advanced characterization, such as probing of electronic density modulations
and atomic arrangements in mechanochemically synthesized oxides have thus far been limited only
to simple systems [66].

Thermal Treatment
Application of temperature can also be utilized to induce or control the level of structural disorder
within a complex oxide. Pyrochlore oxides near the lower end of the stability limit (r a /r b ∼ 1.46)
are not stable at high temperature and will undergo the transformation to disordered, defect fluorite
[25] with the transformation temperature directly correlating with r a /r b [67]. For example, the
pyrochlore-fluorite transformation temperatures of Nd2 Zr2 O7 (r a /r b = 1.54), Sm2 Zr2 O7 (1.50),
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and Gd2 Zr2 O7 (1.46) are 2300, 2200, and 1550◦ C, respectively [68]. A disordered pyrochlore
structure, however, can be induced at lower temperatures. For instance, the level of cation disorder
within the pyrochlore structure was modified in Gd2 Zr2 O7 pyrochlore through mixture of the binary
oxides and application of temperatures above 700◦ C [69]. The structure initially crystallized into
the disordered fluorite structure; after further heating above 1200◦ C, ordering proceeded on the
cation sublattice. The cation order increased sigmoidally but saturated around 60%. Therefore, it is
possible to not only synthesize disordered (AB)4 O7 fluorites, but disordered A2 B2 O7 pyrochlores
with varying degrees of disorder on the cation and anion sublattices.
In AB2 O4 spinel structures, increasing temperature has been shown to modify the inversion
parameter. A variety of studies have demonstrated that with temperature the nominally "normal"
MgAl2 O4 spinel exhibits increasing inversion [30, 70, 71] and the inversion parameter of the
"inverse" NiAl2 O4 decreases [33, 72]. This is indicative, in both cases, of both materials trending
toward increasing structural disorder, as the maximally disordered spinel structure occurs when
the inversion parameter is 2/3 (Figure 1.12). An interesting determination was make by Wood et
al. [71] regarding a discrepancy between observed configurational entropy of MgAl2 O4 heated to
900◦ C and calorimetrically measured entropy. Based on the observed inversion parameter (∼0.4),
the configurational entropy was calculated and revealed to be 3 cal/mol·K higher than measured by
high temperature calorimetry. It was concluded that only a non-negligible degree of short-range
Mg-Al ordering could account for such a disagreement. Therefore, inducing structural disorder
in spinel structures may entail more than randomization of the cation sublattice with substantial
short-range effects needing to be accounted for.
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1.4

Summary

This dissertation reports the results of several multi-scale structural investigations into complex
oxides that were disordered by a variety of methods in an effort to elucidate the general chemical
rules that govern the atomic arrangements in such materials. Experimental methods utilized in these
studies are described in Chapter 2. Local structure characterization of disordered spinel oxides
is detailed in Chapter 3, a version of work previously reported in [13]. The use of neutron total
scattering as an experimental scheme for studying pyrochlore oxides prepared by mechanochemical
synthesis is discussed in Chapter 4, a version of work previously reported in [73]. Chapter 5 details
the multi-scale structural response of a stannate pyrochlore oxide to swift heavy ion irradiation.
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Chapters 6 (reported in [74]) and 7 describe the development of an innovative strategy for studying
the thermodynamic and structural evolution of complex oxides prepared far-from-equilibrium with
chapter 7 (reported in [75]) providing commentary on the high degree of similarity between atomic
arrangements induced in pyrochlore by swift heavy ions and by mechanical milling (discussed in
chapter 4). Chapter 8 details the multi-scale evolution of the “stuffed”’ pyrochlore Dy2 TiO5 across
two phase transformations. The final chapter, Chapter 9, proposes the general chemical explanation
for the structural phenomena detailed in chapters 3-8. All publications that have resulted from my
graduate work in the Nuclear Engineering Department at The University of Tennessee are listed
below:
1. O’Quinn, E. C.; Shamblin, J.; Perlov, B.; Ewing, R. C.; Neuefeind, J.; Feygenson, M.;
Gussev, I.; Lang, M. Inversion in Mg1-x Nix Al2 O4 Spinel: New Insight into Local Structure.
J. Am. Chem. Soc. 2017, 139 (30), 10395-10402. [13]
2. O’Quinn, E. C.; Bishop, J. L.; Sherrod, R.; Neuefeind, J.; Montemayor, S. M.; Fuentes,
A. F.; Lang, M. Advanced Characterization Technique for Mechanochemically Synthesized
Materials: Neutron Total Scattering Analysis. J. Mater. Sci. 2018, 53 (19), 13400-13410.
[73]
3. Lang, M.; O’Quinn, E. C.; Shamblin, J.; Neuefeind, J. Advanced Experimental Technique
for Radiation Damage Effects in Nuclear Waste Forms: Neutron Total Scattering Analysis.
In MRS Advances; 2018; Vol. 3. [76]
4. Park, S.; Rittman, D. R.; Tracy, C. L.; Chapman, K. W.; Zhang, F.; Park, C.; Tkachev, S.
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Pressure. Inorg. Chem. 2018, 57 (4). [77]
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Chapter 2

Experimental Methodology
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2.1

Overview

This following sections provide insight into the experimental schemes utilized in this dissertation.
The general summaries provided in each section are intended to provide useful insight for students
interested in utilizing a similar research strategy in their own studies.

2.2
2.2.1

Synthesis and Processing of Disordered Oxides
Composition & Thermal Treatment

For this project, spinel structures in the solid solution binary Mg1−x Ni x Al2 O4 were studied with
increasing levels of inversion (from the "normal" magnesium aluminate to the "inverse" nickel
aluminate). Another solid solution utilized in study was Ho2 Ti2−x Zr x O7 in which one end member
(Ho2 Ti2 O7 ) was a fully ordered pyrochlore and the other was a fully disordered, defect fluorite
(Ho2 Zr2 O7 ). In all cases, the samples were prepared by the conventional solid-state (or ceramic)
method. For example, MgAl2 O4 was prepared by mixture of MgO and Al2 O3 in a 1:1 molar ratio.
To promote reaction of the two oxides, they are ground, pressed into a pellet, and then heated.
Further cycles of grinding, pressing, and heating are often employed. In general, heating above 2/3
the melting temperature of the lowest melting oxide is sufficient (Tamman’s Rule [80]).

2.2.2

Swift Heavy Ion Irradiation

As bulk characterization techniques require large amount of sample mass (on the order of mg), it
is challenging to study materials that have been homogeneously irradiated, except through use of
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high-energy accelerator facilities. The X0 beamline at the GSI Helmholtz Center for Heavy Ion
Research in Darmstadt, Germany supplies a swift heavy ion beam of specific energy 3.6 - 11.4
MeV/u at a flux of 109 ions/cm2 ·s. Complex oxides were disordered with swift heavy ions in the
electronic energy loss regime. To investigate the effects of energy deposition via electronic energy
loss, the sample geometry was carefully constructed.
When charged particles transit an insulating material they lose energy first via (i) electronic
excitation and ionization (electronic energy loss) and then (ii) through ballistic collisions with
target nuclei (nuclear energy loss). This project is concerned with the electronic energy loss
regime; energy loss can be calculated by the Bethe equation [81]:

4π nz 2 e2
dE
=
−
dx
me c2 β 2 4π 0

!2 "

!
#
2me c2 β 2
2
−β
ln
I (1 − β 2 )

(2.1)

in which the relevant parameters for this project involve n, the electron density in the target, z, the
charge state of the ion, and β, the speed of the ion ( β = v/c).
The experimental scheme for sample characterization of radiation-induced defects with neutron
scattering and calorimetry (performed in collaboration with Dr. Alexandra Navrotsky) is shown in
Figure 2.1. For enough sample to use these techniques, around 75 mg of oxide material must be
irradiated. A custom sample holder with a circular indention was used in which powder samples
were placed, but all 75 mg could not be irradiated in one holder because the ion, despite having GeV
energies, will simply not penetrate that thickness of material. Further, the rate of energy loss within
the sample should be homogeneous. Therefore, the sample mass was subdivided among several
holders with the amount of sample pressed into a single holder depending on the energy loss of
profile of the ions in the material (calculated with the SRIM code [83]). The SRIM code allows for
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Figure 2.1: Sample preparation scheme for irradiation with heavy ions and subsequent
characterization with neutron scattering. The figure on the left is taken from Ref. [82] and
the figure on the right is a stopping power curve (calculated by SRIM [83]) for MgAl2 O4 spinel
exposed to 2.2 GeV Au ion irradiation.

an approximate computation of ion energy loss through a material. The optimal sample thickness
was chosen such that the ion lost energy via a nearly constant level of electronic excitation and
ionization (with negligible ballistic collisions) before exiting the sample. As an example, for most
pyrochlore oxides, 5-6 custom holders with 12-15 mg each of powder was sufficient to produce the
required mass for subsequent characterization. The powders were then uni-axially pressed into the
holder, wrapped in 4-7 micron Al-foil (accounted for in the SRIM calculation) and irradiated in the
swift heavy ion beam (Fig. 2.2). After irradiation, the samples were removed from the holder with
a blunt-tipped needle and reground using an agate mortar and pestle. This powder could then be
loaded into a capillary using a funnel.
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Figure 2.2: Detailed experimental strategy for homogeneously irradiating samples with swift heavy
ions.
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Figure 2.3: General layout of a planetary ball mill. Figure is reproduced from Ref. [66]. Such
mills are characterized by two parameters: the rotation of the disk about its axis, Ω, and the rotation
of the drums about their axes, ω.

2.2.3

Mechanochemical Synthesis

Polycrystalline rare-earth titanate pyrochlores (RE2 Ti2 O7 ) were prepared via a mechanochemical
reaction [59, 64, 84] between a rare-earth sesquioxide (RE2 O3 ) and anatase TiO2 powder. After
manual mixing of the powders using a mortar and pestle, according to the stoichiometric ratio,
the product was placed in YPSZ (yttria partially-stabilized zirconia, 5 wt% Y2 O3 ) containers with
YPSZ balls as the grinding media (ball-to-powder mass ratio ≈ 10:1). Solvent-free milling was
performed in air at room temperature in a planetary ball mill (Figure 2.3) and was conventionally
interrupted at regular intervals (usually hourly). This allowed the reacting mixture to cool to room
temperature and facilitated the mechanochemical reaction by scraping off the powders from the
wall of the container with a spatula. The reaction is considered finished when no traces of the
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starting chemicals are evident in an X-ray diffraction pattern. These samples were provided by a
collaborator, Dr. Antonio Fuentes and included Er2 Ti2 O7 and Ho2 Ti2 O7 pyrochlore, and well as
the solid solution binary Ho2 (Ti,Zr)2 O7 . To compare the effects of this synthesis technique on the
final structure of the pyrochlore, additional samples of the same compositions were prepared by
conventional solid state synthesis.

2.3
2.3.1

Material Characterization
X-ray Scattering

Preparing material for characterization with X-ray diffraction involved many steps (Figure 2.4).
First, ≈ 100 µm holes were drilled into molybdenum foil which had been cut into strips. The
strips were then cleaned with acetone in an ultrasonic bath and served as sample chambers. The
polycrystalline powder samples were then pressed into the holes using a laboratory hydraulic press
with loads up to 18,000 pounds. The excess material was scraped away with a scalpel and the holes
were inspected with a microscope.
X-ray diffraction experiments were performed at the Advanced Photon Source at Argonne
National Laboratory. Using the 16-BM-D beamline, which is part of the high-pressure collaborative
access team (HPCAT) [86], samples were exposed to a 29.2 keV (λ = 0.4246 Å) X-ray beam which
scattered in Scherrer rings onto a 2D image plate detector (Figure 2.4) with collection times ranging
from 2 - 5 minutes per sample. The detector images were integrated into 1D diffraction patterns
using Dioptas [87] with CeO2 (NIST SRM 674b) serving as a standard. Experiments were also
performed at the Cornell High Energy Synchrotron Source (CHESS) beamline B2. At CHESS,
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Figure 2.4: Steps utilized in preparing samples for X-ray diffraction and the X-ray diffraction setup
at beamline HPCAT 16-BM-D of the Advanced Photon Source. Figure is reproduced from Ref.
[85].

the beam energy was 25 (λ = 0.4959 Å) keV and the 2D patterns, recorded on the charge coupled
device detector, were integrated into a 1D pattern using Fit2D [88].
X-ray total scattering experiments were performed at the 28-ID-2 (XPD) beamline at the
National Synthrotron Light Source-II (NSLS-II) [89] at Brookhaven National Laboratory. The
XPD beamline provides a range of photon energies from which 66 keV (λ = 0.1879 Å) photons
were used at a flux of approximately 8×1012 photons/s. For total scattering experiments, sample
powders were placed in Kapton tube capillaries with an outer diameter of 1.1 mm and a wall
thickness of 0.05 mm which served as sample containers. The capillaries were filled to a height of
30 mm with sample powder Samples were measured at room temperature for 10 seconds each on
the standard rotating setup. An empty Kapton tube as well as a LaB6 standard sample were included
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Figure 2.5: Schematic illustration of a neutron total scattering experiment at the NOMAD beamline
at the Spallation Neutron Source at Oak Ridge National Laboratory. Figure is taken from Ref. [73].

on each cassette and measured in order to correctly subtract the capillaries scattering contribution
as background and properly scale each sample scattering intensity. The x-ray scattering from
each sample was recorded as 3D diffractograms gathered from a Perkin-Elmer XRD 1621 digital
imaging detector with a resolution of 2048×2048 pixels.

2.3.2

Neutron Total Scattering

Background
Neutron scattering experiments were performed at The Nanoscale Ordered Materials Diffractometer
Beamline (NOMAD) beamline at the Spallation Neutron Source at Oak Ridge National Laboratory
[90], an ideal characterization tool for studying disordered complex oxides. Neutrons are sensitive
to oxygen and total scattering probes the short-range structure of materials. Total scattering data
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at NOMAD is collected over a large momentum-transfer (Q) range in reciprocal space which
provides unique access to multi-scale structural information after careful instrument calibration
and background subtraction [91]. The large Q-range is enabled by a large detector coverage and
the time-of-flight neutron chopper configuration of the beamline. A high neutron flux (∼ 108
neutrons/cm2 ·s) permits high-resolution data to be collected in minutes.
At the SNS, a pulsed proton beam strikes a liquid mercury target (first target station, as of
2019) which spalls out energetic neutrons into a liquid moderator for thermalization. The thermal
neutrons (v ≈ 2200 m/s) are then guided to the NOMAD instrument where they elastically scatter
off a sample of interest. During an elastic scattering event, only the direction, not the magnitude,
of neutron’s momentum is changed according to the relation:

Q=

4π sin θ mn (d 1 + d 2 )
h
TOF

(2.2)

where Q is the momentum-transfer vector, θ is the scattering angle, mn is the neutron mass, h
is Planck’s constant, TOF is the neutron time-of-flight, and d 1 and d 2 are the moderator-sample
and sample-detector distances, respectively. Powder samples measured at NOMAD can be loaded
in thin-walled (0.01-0.1 mm) quartz capillaries (2-3 mm diameter), ideally up to the approximate
height of the neutron beam of ∼ 8 mm. Six detector banks collect scattering data which, after
background correction and normalization to scattering from vanadium and diamond powder, are
synthesized into the the total scattering structure function, S(Q), which can be related to the
differential coherent scattering cross section of the sample:
c (Q)
4π dσdΩ
+ σc − σt
S(Q) =
σc
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(2.3)

where σc and σt are the average coherent and total scattering cross sections of composition,
respectively [3, 92]. An overview schematic of this process is given in Fig. 2.5.

The Pair Distribution Function
The large Q-range that can probed at NOMAD allows for high-resolution construction of the pair
distribution function (PDF). While there exists many defintions in literature of the PDF (Fig. 2.6),
in this work, PDFs are defined in accordance with the framework established by Egami and Billinge
[3]. For powder measurements, the pair distribution function, g(r), can be defined:

1
N (r)
=1+ 2
g(r) =
2
4πr ρ0 dr
2π r ρ0

∞

Z

Q{S(Q) − 1} sin(Qr)dQ,

(2.4)

0

where ρ0 is the atomic density of the material. While g(r), or absolute-scale PDF, is closely related
to the physical structure of the material, another representation, the "reduced," or arbitrary-scale
PDF, G(r), is directly obtained from the Fourier transform of the experimentally obtained structure
function and defined as:

G(r) = r A

Z

Q max

!
Q{S(Q) − 1} sin(Qr)dQ

(2.5)

Q min

with A being an arbitrary scale factor. The advantage of using this representation is that no material
assumptions are needed to obtain G(r). For a more detailed derivation of the fundamental total
scattering equations, please refer to Appendix A.
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Figure 2.6: Various representations (from Ref. [3] and [92]) of an experimental pair distribution
function taken from a zirconia (ZrO2 ) sample.
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Experimental
The experimental collection of the structure function and pair distribution function involves
many considerations, discussed here. The neutron total scattering experiments performed in
this dissertation were performed at the Nanoscale-Ordered Materials Diffractometer (NOMAD)
[90] Oak Ridge National Laboratory’s Spallation Neutron Source (Oak Ridge, USA). The majority
of neutron total scattering data discussed in the following sections was collected in the same
way. First, non-radioactive polycrystalline powder samples were loaded into thin-walled (0.01
- 0.10 mm) quartz capillaries (diameter 2 - 3 mm) (Figure 2.7). Each sample was then loaded
into the neutron beam and scattering data was collected for close to one hour each. For samples
that contained neutron absorbers (e.g., Dy), longer neutron exposure times (1.5 - 2.0 hours) were
often utilized. Neutrons scattering from the sample are detected in one of six 3 He banks; each
detected neutron is described by two variables: λ, determined by the time between spallation
and detection, and θ, given by the detector pixel in which the scattered neutron was identified.
Therefore, each neutron can be ascribed a Q value (Appendix A). After one hour, a total scattering
structure function can be evaluated which contains scattering from both the sample and the quartz
capillary. To correct for the background, an identical quartz capillary was measured for exactly
the same duration and the resulting scattering data is subtracted out. The next data correction to
consider is the normalization to the spallation neutron energy spectrum. A vanadium rod (which is
a nearly perfect incoherent neutron scatterer) was measured for the same duration as the sample; the
background subtracted sample scattering data is divided by the scattering data from the vanadium
rod, point-by-point, to produce a spectrum normalized structure function. This step also accounts
for any corrections needed for detector efficiency. The calibration of the neutron time-of-flight to
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Figure 2.7: Samples on the standard sample shifter at NOMAD.
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Q-space was performed by scattering from a NIST diamond powder standard. Thus, the sample
structure function is given by:

Ssample (Q) =

Isample −Iempty capillary
Ivanadium −Iempty chamber

hbi2

+ hbi2 − hb2 i

,

(2.6)

where b is the coherent bound neutron scattering length of the sample. The pair distribution
function of each sample was then produced via application of Eq. 2.4 with a maximum Q-value
typically between 25 - 31.4 Å−1 depending on data quality at high-Q. Because the quantity that
is Fourier transformed is Q [S(Q) − 1], noise at high-Q adversely impacts the quality of the PDF,
particularly at low-r, so for each measurement a determination should be made as to which Q max
value produces the highest quality PDF.

2.3.3

Raman Spectroscopy

Raman spectroscopy experiments were employed to further elucidate local structure properties
in disordered complex oxides. Raman measurements were performed with a Horiba Jobin Yvon
LabRAM HR evolution instrument using three excitation lasers: red (785nm), green (532nm), and
blue (473 nm). Raman signals are collected on a charged couple device (CCD) detector. Raman
spectra are typically collected several times and averaged together to reduce noise. Radiationinduced effects are often studied with Raman spectroscopy as spectra are strongly modified due to a
breakdown in local selection rules [94]. As an example (Fig. 2.8), Lang et al. [93] peformed Raman
spectroscopy on Gd2 Zr0.5 Ti1.5 O7 irradiated with 1.43 GeV Xe ions. In this case, this material could
not be characterized with thermal neutron scattering due to the enormous absorption cross section
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Figure 2.8: Raman spectra of the pyrochlore oxide Gd2 Zr0.5 Ti1.5 O7 irradiated with 1.43 GeV Xe
ions. Figure is from [93].

of Gd, but insight into the local structure of this composition is possible through Raman scattering.
Further, characterization requires only small irradiated sample masses.

2.3.4

Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed to elucidate ion track morphology with
a FEI Tecnai G2 F20 X at Stanford University. To obtain TEM images of single, non-overlapping,
ion tracks, only samples irradiated to a fluence of 3×1011 ions/cm2 were studied. The orientation of
the electron beam was along the trajectory of the swift heavy ions to allow cross sectional analysis
of the ion track. Using the microscope in bright field view, images were captured of many ion
tracks in the same view.

45

Figure 2.9: Estimation of ion track diameters using vector illustration software.
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Additional images were taken of single ion tracks while using the microscope in high-resolution
mode. The samples for plan-view imaging were prepared by crushing the irradiated materials into
fine powder and subsequently drop-casting onto a lacey carbon TEM grid. The HAADF imaging
was conducted in a 5th order aberration corrected STEM (Nion UltraSTEM 200) operating at 200
kV. The electron probe with 28±2 pA current was used in the experiment. HAADF images were
obtained using a detector with an inner angle of 65 mrad.
To estimate ion track diameters, vector illustration software was used to draw straight lines across
the track. For example, figure 2.9 shows six ion tracks in bright field view and the corresponding
scale bar in the lower-left corner. First, the actual scale of the TEM image was converted to the
scale of computer file. Then, the diameter of the track at the top of the image was taken to be
the mean of seven distances drawn across the circle. This was repeated for all other tracks in the
same figure, from which a mean (µ) and standard deviation (s) could be extracted. The reported
uncertainty for this procedure is the standard error of the mean:

s
SE µ = √ ,
n

(2.7)

where n is the number of measured tracks. The standard error of the mean is reported, not the
standard deviation, because the interest is in, not the spread of ion track diameters within one
particular data set, but instead how confident the mean of all possible data sets (using identical
irradiation conditions and chemical composition) can be determined.
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2.3.5

Calorimetry

Calorimetry measurements were conducted through collaboration with Dr. Alexandra Navrotsky
(University of California, Davis) [95, 96, 97]. High temperature calorimetry, unlike neutron
scattering and Raman spectroscopy, is a destructive technique and was carried out after other
characterization were performed. Calorimetry gave insight into the energetics of materials; of
particular interest to this research was the energetics of materials processed through far-fromequilibrium conditions (e.g. radiation, ball milling). This provided information about the structureenergetics relationship of such materials. Differential scanning calorimetery (DSC), the most
common calorimetric technique, was performed on a Setaram LabSYS instrument with an inert
Ar atmosphere. As the sample is heated to high temperatures (≥500◦ C), DSC captures exo- or
endothermic events which can then be indexed with structural data. Oxide melt solution calorimetry
was conducted on a custom-built Tian-Calvet twin calorimeter. This technique involves the heating
the sample of interest in a furnace, dropping it into a room temperature calorimeter, and measuring
the heat content. This enables the calculation of enthalpy stored in the system which can be
compared among samples. For instance, by performing this technique on two compositions, one
irradiated and one unirradiated, it was determined how much damage enthalpy is stored in the
irradiated sample. This was compared with neutron scattering data (for instance) to determine the
structural origin of the stored damage enthalpy [74].
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2.4

Data Modeling and Analysis

The total scattering structure function (Eq. 2.3) contains information about two types of scattering:
(i) Bragg scattering arising from long-range periodicity and (ii) diffuse scattering between and
beneath Bragg peaks arising from local deviations from the long-range periodicity. Bragg peaks
can be analyzed for atomic positions, site occupancies, and the unit-cell dimensions and diffuse
scattering can be studied for information about how atoms are locally correlated with one another.
The total scattering data was analyzed in three ways: (i) Rietveld refinement of the neutron
diffraction data yielded insight into the long-range structure, (ii) small-box refinement of the
PDFs revealed information about the short-range structure, (iii) large-box modeling of all data sets
elucidated the relation between the short- and long-range structures (i.e., the intermediate-range
structure). Refined crystal structures were typically visualized using the Crystalmaker software
[98] and VESTA [99].

2.4.1

Rietveld Refinement

In the Rietveld method of diffraction pattern analysis [100], the observed structure function is
compared with a calculated structure function. Then corrections are applied for background,
absorption, peak shape, sample geometry, polarization, and the Debye-Waller factor. Parameters,
such as the unit cell parameters and atomic positions are refined so that the residuals function (Rfactor) is minimized in a least square fitting [101]. For the purposes of this dissertation, the GSAS
[102] and GSAS II [103] crystallographic software packages were used for Rietveld refinement.
The peaks comprising the structure function (i.e. Bragg peaks) arise due to translational lattice
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Figure 2.10: a) Rietveld and b) Small-box refinement of NiAl2 O4 spinel.

symmetry and positions of atoms within unit cells. For materials in which atomic sites are
disordered, Bragg peaks exhibit intensities as if the disordered sites have "effective" scattering
intensities. Thus, Rietveld refinement can extract the proportion of certain atom species on unit
cell positions based on the relative heights of diffraction maxima. The results of Rietveld structural
refinement gave insight into global structural properties: (i) the average symmetry of the whole
structure, (ii) which sublattice (i.e. cation or anion) or atomic sites are disordered, and (iii) how
the presence or level of structural disorder correlates with other global structural parameters, such
as atomic positions or lattice constants. For example, performing Rietveld refinement of neutron
diffraction data from NiAl2 O4 spinel (Fig. 2.10a) yielded the three free structural parameters:
the unit cell parameter, the oxygen parameter, and the inversion parameter. Another example of
Rietveld refinement of neutron diffraction data can be seen in Figure 2.11. Another important
consideration regarding neutron diffraction collection at NOMAD can be observed in this figure.
Bank 2 is situated at a low angle (∼ 30◦ ) and bank 5 is the at highest angle (∼ 150◦ ). Because the
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scattering vector, Q =

4π sin θ
λ ,

is dependent on θ, the Q-space resolution is also:

dQ cos θ
∝
= tan θ.
Q
sin θ

(2.8)

Therefore, Q-resolution improves at higher scattering angles. The net result is that Q-range must
be sacrificed to gain Q-resolution. Bank 2 captures low-Q peaks, but bank 5 exhibits outstanding
resolution. Banks 3 and 4 offer a sufficient combination of both, in most cases.

2.4.2

Small-Box Modeling

The small-box method of real-space structure modeling is highly similar to the approach utilized
in Rietveld refinement of diffraction data. Like Rietveld refinement, a structural model is used to
calculate a pair distribution function which is compared to the observed pair distribution function.
Parameters such as unit cell parameters, atomic positions, atomic displacement parameters, and
correlated motion parameters are refined to minimize the residuals function. In this dissertation,
the PDFGui for RMC were generated with the STOG program [104] via a python script that I wrote.
The structure function, S(Q) was cut off at some Qmax (usually between 25.0 - 31.4 Å-1 ), corrected
for multiple scattering and neutron absorption, and scaled by a factor to account for a powder
packing fraction below unity. A major factor in ensuring quality RMC fits is the proper scaling of
the total scattering data, particularly because powder samples are not packed to theoretical density.
To identify the correct value for the packing fraction, the resultant PDF would be refined using
small-box modeling (section 2.4.2). The PDF utilized by the PDFGui program is defined [92] as:





PDF(r) = 4πr ρ g(r) − 1 = 4πr ζ ρ0 g(r) − 1 ,
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(2.9)

Figure 2.11: Rietveld refinement of the neutron diffraction patterns collected from NOMAD banks
2, 3, 4, and 5 of Er2 Sn2 O7 pyrochlore.
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Figure 2.12: Reverse Monte Carlo refinement of ZrO2 . The black line is Keen’s G(r) [92] and the
red line is the average of 8 RMC runs.

where ρ is the atomic density, ρ0 is the theoretical atomic density, g(r) is the pair distribution
function defined by Egami and Billinge [3] (ranging from 0 at low-r to 1 at high-r), and ζ is a
scale factor which would ideally be unity. If the PDF is not properly scaled, PDFGui will correct
by modifying the overall scale factor, ζ. If there is a reliable structural model for the PDF, then
small-box modeling can be employed to identify the scale factor from the initial data reduction; the
packing fraction can be re-scaled by this refined scale factor during re-reduction of the data. The
refinement for a correctly scaled and Fourier transformed S(Q) would be close to unity. For example,
an experimental PDF collected from a ZrO2 sample was scaled using PDFGui to a packing fraction
of 20.92% (Fig. 2.12). After RMC analysis, a small scale factor would typically applied in STOG
to account for uncertainties in small-box refined densities. The value for this small correction was
obtained by using the “FITTED_SCALE” codeword in the “NEUTRON_REAL_SPACE_DATA”
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codeblock. It is important to note, however, that the refined “renomalisation value” obtained from
this method should be used as a divider, not multiplier when rescaling in STOG.
Another important calculation to prepare for RMC are the Faber-Ziman coefficients for the
partial PDFs. These coefficients will be used to calculate the scaling factors for each individual
partial PDF, as well as set the low-r asymptote of Keen’s G(r). As an example, the low-r value
of Keen’s G(r) for ZrO2 is -0.39129 (Fig. 2.12). To obtain this value, the atomic fraction and
neutron scattering length of each atomic species in the composition is required and the low-r value
is calculated as:
G keen (r → 0) = − (Σi (bi ci )) 2 ,

(2.10)

where ci is the concentration of the ith atom and bi is the neutron scattering length of the ith
atom. The expansion of this expression yields the necessary coefficients for each partial PDF. The
coefficients for the partial PDFs for which both atoms are the same (e.g. Zr-Zr) will be given by:

coefficient Zr−Zr = (b Zr c Zr ) 2

(2.11)

and the coefficients for the partial PDFs for which the atoms are not the same (e.g. Zr-O) are given
by:
coefficient Zr−O = 2 (b Zr c Zr ) (bO cO ) .

(2.12)

The neutron scattering lengths used for RMC are in units of 10 fm. So, for RMC, Zr and O
have neutron scattering length values of 0.716 and 0.5803, respectively [105]. Therefore, all the
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necessary coefficients to perform RMC on ZrO2 can be calculated as:

coefficient Zr−Zr
coefficient Zr−O
coefficientO−O

1
= 0.716 ×
3

!2
= 0.05696

!
!
1
2
= 2 0.716 ×
0.5803 ×
= 0.18466
3
3
!2
2
= 0.5803 ×
= 0.14967
3

Total = 0.39129

(2.13)
(2.14)
(2.15)
(2.16)
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Chapter 3

Inversion in Mg1-xNixAl2O4 Spinel: New
Insight into Local Structure
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This chapter is reproduced in part with permission from O’Quinn, E.C.; Shamblin, J.; Perlov, B.;
Ewing, R.C.; Neuefeind, J.; Feygenson, M.; Gussev, I.; Lang, M. Inversion in Mg1-x Nix Al2 O4 : New
Insight into Local Structure. J. Am. Chem. Soc. 2017, 139 (30), 10395-10402. [13] Copyright
2017 American Chemical Society.
This chapter has been revised primarily to limit overlap with the other chapters of this
dissertation. Introductory information concerning the spinel structure and cation inversion can be
found in chapter 1 while details regarding the neutron total scattering experiment are described in
chapter 2. For this published work, R.C.E. and M.L. conceived the experiment, R.C.E provided the
samples, J.S., B.P., J.N., M.F., and M.L. performed the neutron scattering experiment, E.C.O. and
J.S. collected and analyzed the data, E.C.O. interpreted the data, and E.C.O. wrote the manuscript
with input from all authors.

3.1

Abstract

A wide variety of compositions adopt the isometric spinel structure (AB2 O4 ) in which the atomicscale ordering is conventionally described according to only three structural degrees of freedom.
One, the inversion parameter, is traditionally defined as the degree of cation exchange between the
A- and B-sites. This exchange, a measure of intrinsic disorder, is fundamental to understanding
the variation in the physical properties of different spinel compositions. Based on neutron total
scattering experiments, we have determined that the local structure of Mg1-x Nix Al2 O4 spinel cannot
be understood as simply being due to cation disorder. Rather, cation inversion creates a local
tetragonal symmetry that extends over sub-nanometer domains. Consequently, the simple spinel
structure is more complicated than previously thought, as more than three parameters are needed to
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fully describe the structure. This new insight provides a framework by which the behavior of spinel
can be more accurately modeled under the extreme environments important for many geophysics
and energy-related applications, including prediction of deep seismic activity and immobilization
of nuclear waste in oxides.

3.2

Methods

The polycrystalline samples were synthesized via the solid-state reaction:

(1 − x)MgO + (x)NiO + Al 2 O3 → Mg1−x Ni x Al 2 O4

(3.1)

where x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0. Details concerning neutron total scattering experiments can
be found in section 2.3.2. Average structure Rietveld refinements were performed with the GSAS
II software package [103]. The average structure was refined with the conventional Fd-3m model.
Sample absorption, microstrain, and domain size parameters were refined. The unit cell parameter,
a, and the anion parameter, u, were refined. The inversion parameter, i, was defined as the fraction
of tetrahedral sites occupied by Al3+ ions. Recognizing that Ni2+ has a higher preference to occupy
the octahedral site than Mg2+ , Mg2+ and Ni2+ were allowed to occupy the tetrahedral and octahedral
sites in different ratios. The cation sublattice was constrained the to be fully dense.
Local structure characterization was obtained from small-box refinement of the PDFs using
PDFgui [106]. Small-box refinement of the PDFs was performed with 3 models: (i) cubic Fd-3m,
(ii) cubic F-43m, and (iii) a local two-phase spinel structural model containing ordered “normal”
cubic (Fd-3m) and ordered “inverse” tetragonal (P41 22) components [Table 3]. Nine parameters
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Table 3.1: The tetragonal P41 22 (above) and cubic Fd-3m (below) components of the local twophase model. Free positional parameters are in bold. Parameters include f, the tetragonal phase
fraction, and z, a refined parameter to ensure fully dense cation sublattices.
Wyckoff Equipoint (CN)
4a (6)
4b (4)
4c (6)
8d
8d
8a
16d
32e

Occupancy
Tetragonal Component
Mg z Ni1−z
Al
Al
O
O
Cubic Component
Mg[(1−x)−z f ]/(1− f ) Ni1−[(1−x)−z f ]/(1− f )
Al
O

x

y

y

0
0.5
0.25
0.75
0.25

0.25
0.25
0.25
0
0.5

0
0
0.375
0.5
0.5

0.125
0.5
0.25

0.125
0.5
0.25

0.125
0.5
0.25

were used in small-box refinement of end-members MgAl2 O4 and NiAl2 O4 with Fd-3m symmetry:
the unit cell parameter (a = b = c), the scale factor, the correlated motion parameter, the anion
parameter (x = y = z), atomic displacement parameters (ADP) for each of the three Wycoff sites
(u11 = u22 = u33 ), and the inversion parameter, i, defined as the fraction of tetrahedral sites occupied
by Al3+ ions. All refinements resulted in no highly-correlated constraints.
Twelve parameters were used in small-box refinement of end-members MgAl2 O4 NiAl2 O4
with F-43m symmetry: the unit cell parameter (a = b = c), the scale factor, the correlated motion
parameter, positional parameters for three 16e sites (x = y = z), atomic displacement parameters
(ADP) for each of the five Wycoff sites (u11 = u22 = u33 ), and the inversion parameter, i, defined as the
fraction of tetrahedral sites occupied by Al3+ ions. All refinements resulted in no highly-correlated
constraints.
The two-phase model (Table 3.1) was constructed as follows: in the “normal” Fd-3m
component, tetrahedrally coordinated Mg2+ /Ni2+ cations exclusively occupy the 8a sites and
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octahedrally coordinated Al3+ cations exclusively occupy the 16d sites. Equipoints in the “inverse,”
P41 22 component include the tetrahedrally coordinated 4b and octahedrally coordinated 4c sites,
exclusively occupied by the Al3+ cations, and the octahedrally coordinated 4a site, occupied only
by the Mg2+ /Ni2+ cations. Thirty-one parameters were used to fit the two-phase model to the local
structure of end-members MgAl2 O4 and NiAl2 O4 . Refined parameters within the cubic Fd-3m
component were the unit cell parameter (a = b = c), the anion parameter (x = y = z), and atomic
displacement parameters (ADP) for each Wycoff site (u11 = u22 = u33 ). Refined parameters within
the tetragonal P41 22 component were the scale factor, 9 positional parameters (x = y for 4c sites, y
for 4a sites, y for 4b sites, and x , y , z for both 8d sites), and 14 ADPs (u11 , u22 , u33 for 4c
sites, u11 , u22 , u33 for 4a sites, u11 = u22 , u33 for 4b sites, and u11 , u22 , u33 for both 8d sites).
The sum of Fd-3m and P41 22 scale factors was constrained to unity and a global scale factor was
refined. One correlated motion parameter was used for both phases. The height (ct ) of the P41 22
unit was set equal to the refined Fd-3m unit cell parameter and the square base was constrained so
√
√
2 (at ) = 2 (bt ) = (ct ). For intermediate members of the series, a 32nd parameter was used to refine
Mg2+ / Ni2+ occupancies. The fraction of Mg2+ ions in the P41 22 phase was set to a parameter, z.
To confirm a fully dense cation structure, the Ni2+ ion fraction was set to be (1-z). To ensure that
total ratio of Mg2+ cations to Ni2+ cations in the system was (1-x):x, the fraction of Mg2+ in the
Fd-3m phase was refined as:

(1 − x) − (z)(P41 22 phase fraction)
1 − (P41 22 phase fraction)

(3.2)

Again, to confirm a fully dense cation structure, the sum of the Mg2+ and Ni2+ occupancies
in the Fd-3m phase was set to unity. All refinements resulted in no highly-correlated constraints.
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To study the goodness-of-fit (Rwp ) of the Fd-3m model to the local structure, “boxcar” refinements
were performed on the PDFs. The goodness-of-fit in PDFgui is defined as:

PN
Rwp

=*
,

i=1

1/2

w(ri ) [G obs (ri ) − G calc (ri )]2
+
PN
2
[G
w(r
)
(r
)]
i
obs i
i=1
-

(3.3)

where w(ri ) is the weight of data point r, G obs (ri ) is the experimental data point, and G calc (ri ) is
the simulated data point. Once the goodness-of-fit was obtained for the PDF in the 1.5 Å - 11.5
Å r-range, refinement was repeated in 10 Å windows in higher r-space with the final values of
each refinement becoming the initial parameters of the subsequent fitting. Polyhedra volumes were
calculated with the VESTA [99] crystallographic software package.

3.3

Results

The normalized structure functions of each composition in Mg1-x Nix Al2 O4 are shown in Figure
3.1a. Prominent maxima are indexed for the series. Bragg peaks, contributed by long-range
periodicity, display a shift to higher Q as the nickel content increases, corresponding to a decreasing
unit cell size. The structure function also contains a diffuse scattering component. Diffuse
scattering, which appears as a constant background beneath and between the Bragg peaks, contains
information about short-range deviations from the average structure39. Figure 3.1b highlights the
difference in diffuse scattering between end-members MgAl2 O4 and NiAl2 O4 . NiAl2 O4 displays
this constant increase in the baseline of its structure function. In NiAl2 O4 , two small peaks are
present near 3 Å-1 and 4.2 Å-1 . The intensity of these two peaks increase with increasing x. To

61

a)

NiAl2O4

S(Q)-1 [a.u.]

x=0.8
x=0.6
x=0.4
x=0.2
MgAl2O4
0.0

5.0

2.5

7.5

12.5

10.0

15.0

Q [Å-1]

b)
15

10

NiAl2O4

MgAl2O4
5

0
2.0

3.0

4.0

5.0

6.0

-1

Q [Å ]

Figure 3.1: (a) Neutron total scattering structure functions, S(Q) of of MgAl2 O4 and NiAl2 O4 .
(b) Relation between series end-members.

62

Figure 3.2: Relation between idealized cubic Fd-3m, cubic F-43m, and tetragonal P41 22 spinel
structures. Dashed lines show coordination between anions and cations. Solid lines denote unit
cells.

characterize the average structure of the series, this diffuse scattering was subtracted with the
background, and only the Bragg peaks were analyzed.
Direct comparisons of cubic Fd-3m, cubic F-43m, and tetragonal P41 22 spinel structures are
shown in Figure 3.2. In Fd-3m, cations occupy either an octahedral or tetrahedral site. Symmetry in
this space group constrains all tetrahedra to the same size and all octahedra to the same size. F-43m
reduces symmetry, accommodating a large tetrahedral site and small tetrahedral site. Tetragonal
P41 22 contains a large octahedral site and small octahedral site. Large and small octahedra are
arranged in an alternating ABAB stacking pattern along the [100] direction. Rietveld refinement
was performed on the long-range structure with the conventional Fd-3m structure model, shown in
Table 3.2 and Figure 3.2. The unit cell parameter, inversion parameter, and anion parameter from
the refinements are also shown in Table 3.2. The unit cell parameters of the end-members agree with
previous studies [107, 72]; the linear decrease across the solution series is as expected according
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Figure 3.3: (a), Comparison of PDFs for Mg1-x Nix Al2 O4 series. (b), Comparison of PDFs,
highlighting the distances associated with coordination polyhedra in each series member.
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Table 3.2: Conventional Fd-3m average structure model used for Rietveld and small-box
refinement.
Wycoff Equipoint (CN)
Occupancy
8a (4)
(Mg/Ni)1-i Ali
16d (6)
(Mg/Ni)i/2 Al1-i/2
32e
O

MgAl2 O4
Mg0.8 Ni0.2 Al2 O4
Mg0.6 Ni0.4 Al2 O4
Mg0.4 Ni0.6 Al2 O4
Mg0.2 Ni0.8 Al2 O4
NiAl2 O4

a0 (Å)
8.08923
8.08438
8.07746
8.0699
8.06387
8.05707

x
0.125
0.5
0.25

y
0.125
0.5
0.25

z
0.125
0.5
0.25

i
0.379
0.454
0.54
0.638
0.73
0.829

u
0.26093
0.26002
0.25931
0.25778
0.25707
0.25493

Rw
8.83
9.71
9.29
10.81
9.85
8.27

to Vegard’s law [108] and experimentally confirms the accuracy of chemical compositions and
Ni-content, x, across the solid-solution series. The inversion parameter increases linearly with
nickel content from 0.364 for “normal” MgAl2 O4 to 0.829 for “inverse” NiAl2 O4 .
To investigate the origin of the diffuse scattering present in the total scattering functions, PDFs
of each composition, shown in Figure 3.3, were analyzed. The PDF, G(r), contains information
about structural coherence, interatomic distances, and local coordination. Evident from the PDFs
are the shift to higher-r of the prominent peak around 2.0 Åand the growth of a peak at 4.5 Åfrom
the bottom to the top. Figure 3.3b shows the evolution of nearest neighbor A-O and B-O bonds
with increasing nickel content. With higher nickel concentrations, this first atomic correlation
shell expands in r and a broad shoulder emerges around 1.8 Å. The data exhibit an isosbestic
(crossover) point, revealing the probability of finding an interatomic distance of 2.0 Åis invariant
across the series. Results of “boxcar” refinements, shown in Figure 3.4, show the spatial extent to
which short-range effects contribute to the PDF. While the average structure Fd-3m model fits well
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Figure 3.4: “Boxcar” refinements of series end-members. The x-axis (rmin) represents the
minimum r-value of each 10 Årefinement window. Each data point corresponds to the goodnessof-fit of the average structure Fd-3m model in each 10 Årefinement window. Dashed lines are
guides to the eye.

with the neutron diffraction data, it does not reproduce the PDFs with high fidelity, especially at
low-r. The poorest fits of the Fd-3m model with the data occur when peaks associated with the
coordination polyhedra are included in the refinement window. In both MgAl2 O4 and NiAl2 O4 ,
Rwp improves once these peaks are excluded. This decrease in the goodness-of-fit is particularly
striking in NiAl2 O4 . As the refinement windows move to higher-r, there is diminishing impact of
local ordering on the PDF, and the Fd-3m model fit improves. The goodness-of-fit in each model
continues to improve until the refinement window reaches 15 Å- 25 Å.
Investigation of this local discrepancy in the average structure fit is shown in Figure 3.5.
Following the analysis of the boxcar refinements, each model was refined from r = 1.5 Å- 15 Åto
elucidate the poor fit quality of the average structure model in this region. The results of these
refinements are shown from r = 1.65 - 2.85 Å. For both MgAl2 O4 and NiAl2 O4 , the two-phase
model best replicates the coordination polyhedra distances. Even though the purely isometric
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Figure 3.5: Small-box refinements of series end-member PDFs with cubic Fd-3m, cubic F-43m,
and combined cubic Fd-3m and tetragonal P41 22 spinel structures. The black circles are the
experimental data and the colored lines are the simulated PDF of the indicated model.

models are roughly similar to the experimental PDFs in MgAl2 O4 , they clearly fail to reproduce
the coordination shell distances in NiAl2 O4 . Figure 3.6 shows the PDFs of end-members MgAl2 O4
and NiAl2 O4 fit with this local two-phase model and the phase fractions of each component. The
simulated PDFs are in good agreement with the two-phase model and reproduce the experimental
data out to 15 Å. The local tetragonal phase fraction is 39.6% for MgAl2 O4 and 82.1% for NiAl2 O4 .
The inversion parameter obtained from average structure analysis, and the tetragonal P41 22
phase fraction, refined from local structure characterization, are shown in Figure 3.7. The inversion
parameter is representative of cation occupancies sampled over the average structure. The tetragonal
P41 22 phase fraction is representative of the level of local distortion from the ordered, “normal”
Fd-3m model. The average structure inversion parameter and the local tetragonal phase fraction
both increase linearly with nickel content. Similarity of the two parameters persist over the whole
solid-solution series.
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Figure 3.6: Refinement of neutron PDFs using combined cubic Fd-3m and tetragonal P41 22
structural models for MgAl2 O4 and NiAl2 O4 spinel. The black circles represent experimentally
obtained PDFs and the red lines denote the fit of the combined structural models through small-box
refinement.
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Figure 3.7: Inversion parameter, from average structure refinement, and local tetragonal P41 22
phase fraction, from PDF refinement. Dashed lines are linear regressions of each set.
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3.4

Discussion

Rietveld refinement of the average structure neutron diffraction data agree with previous studies
of the series end-members. Cation inversion, as the series moves from the “normal” MgAl2 O4
to the “inverse” NiAl2 O4 , increases, as expected. The amount of diffuse scattering present in
the end-member NiAl2 O4 , however, is indicative of disorder that cannot be analyzed solely by
average structure characterization techniques. Disordered materials with locally correlated order
are marked by significant diffuse scattering in their diffraction patterns [109]. To comprehensively
explain the structure, the diffuse scattering in this spinel series must be considered. Total scattering
experiments provide access to complementary average and local structure analysis techniques ideal
for studying cation disorder and the impact of short-range effects in spinel.
Boxcar and local structure refinements show a remarkable failure of purely cubic models to
successfully reproduce the local structure in this series. Both Fd-3m and F-43m models alone do not
create coordination polyhedra that match the experimental data. Local distortions must be modeled
with a lower symmetry tetragonal model to generate the interatomic distances consistent with the
PDFs. While the cubic models alone appear to be tolerable approximations to the local structure in
“normal” MgAl2 O4 , the cubic models breakdown notably in “inverse” NiAl2 O4 . These correlated
deviations from the average structure model are greater in the inverse spinel composition because
of the diffuse scattering contribution to the structure function. The incorporation of a tetragonal
phase accurately accounts for the correlated distortions exhibited in the PDFs. Consequently, the
cubic parameters, a, i, and u, alone are not sufficient to uniquely describe the structure. The neutron
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Figure 3.8: Refined local polyhedral volumes are shown as a function of nickel content, x. The
dashed lines show linear regressions of each set.
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PDF refinements show that the combined “normal” Fd-3m and “inverse” P41 22 two-phase model
can best explain the spinel local structure, particularly the sizes of the coordination polyhedra.
Evidence that the spinel local structure cannot be explained with cubic symmetry alone leads
to three possible crystallographic explanations. (i) The spinel structure may not be cubic at all,
but entirely tetragonal. This explanation, however, is not supported by the diffraction data of
the Mg1-x Nix Al2 O4 solid solution series in which cubic, Fd-3m symmetry is refined well for all
members. Further, a well-defined isosbestic point in the PDFs supports the conclusion that there
are two crystallographic structures present at the atomic-scale [110]. (ii) There may be co-existing
nano-domains of cubic, Fd-3m symmetry and tetragonal P41 22 symmetry. In the total scattering
functions, there are not considerable Bragg reflections attributed to P41 22 symmetry, but there are
well-defined peaks contributed by Fd-3m symmetry. Additionally, boxcar refinements of the PDFs
show that while there is a certain spatial extent to the P41 22 symmetry, the cubic, Fd-3m phase is
coherent on a longer length scale. Thus, there is not enough evidence to support the conclusion
that the two phases are both nano-domains. (iii) A highly local, cation-ordered distortion to a
long-range cubic lattice is present in spinel, which is modeled well with tetragonal symmetry, and
its relative presence is directly related to the amount of cation inversion in the composition.
These results lead to a novel explanation of the locally correlated distortions caused by cation
inversion. Previous studies argue that when a cation inversion occurs, the Fd-3m symmetry can
accommodate the A/B cation ionic valence and radii mismatch at the tetrahedral or octahedral
sites with no structural distortion. Regardless of ionic species, radii, or valence, all tetrahedral
volumes are the same size and all octahedral volumes are the same size. Additional studies have
addressed B-site distortions due to local structure considerations by assigning F-43m symmetry
to the spinel structure. This structure accommodates an additional tetrahedral cation site with
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respect to the Fd-3m. This work demonstrates that neither of these approaches correctly models
local distortions, induced by inversion, correctly. To successfully account for these discrepancies,
an additional octahedral site, not tetrahedral site, must be included in the model. This octahedral
site, modeled by ordered tetragonal P41 22, is created when an inversion occurs and cannot be
accommodated by the ordered cubic Fd-3m phase alone. The valence and radii mismatch between
the A and B cations create two differently sized octahedral volumes (Figure 8). The smaller Al3+
occupying the tetrahedral site decreases its volume, as well. This reduction in local symmetry will
occur every time there is a cation inversion. This insight is further evidenced by the remarkable
similarity between the local tetragonal phase fraction and average-structure inversion parameter. In
this two-phase model, inversion is still experimentally measured as the fraction of Al3+ occupying
the tetrahedral sites on the average scale. However, the inversion of the spinel is better defined as
the phase fraction of a lower symmetry distortion of the local structure associated with the cationexchange. The sampling of this distortion over longer length scales will still yield the well-known
average isometric structure. As such, even in the highly-inverse spinel structures, the P41 22 phase
is still interpreted as a short-range deviation from the Fd-3m phase. However, failing to account for
short-range order in spinel structures can lead to modeling inconsistencies and underestimation of
amount of inversion [111]. Redefining inversion in this new way properly accounts for contributions
from local deviations that are present at the nanoscale, created by cation inversion.

3.5

Conclusions

The understanding of disorder in different compositions of the AB2 O4 spinel structure allows one
to model and predict their behavior under extreme environments. While global structure analysis
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of the Bragg peaks provides information about long-range periodicity, discarding the data in the
diffuse scattering component leads to an incomplete description of the details of the structure. A
complete structural picture can be developed by investigating the regular and irregular components
of each composition. The structure of Mg1-x Nix Al2 O4 was characterized by neutron total scattering
experiments as a function of increasing Ni-content to understand the cation disorder process. Use of
high-resolution PDFs revealed that the local structure could not be modeled with an isometric unit
cell alone, and thus, a, i, and u, do not uniquely describe the structure. Successful replication of the
experimental data was achieved only by using a combination of ordered isometric and tetragonal
phases. Most notably, this two-phase model, with greater accuracy, generated interatomic distances
of the coordination polyhedra. This result suggests that spinel is more ordered than previously
thought. In all previous analyses of spinel, disorder has been measured, through the inversion
parameter, by the amount of cation exchange. We have shown that inversion, more fundamentally, is
due to the relative amounts of a locally-ordered lower-symmetry structural distortion resulting from
cation exchange. This distortion is well modeled with a tetragonal P41 22 phase accommodating an
additional octahedral site. The existence of a locally-ordered distortion within a long-range spinel
structure in the Mg1-x Nix Al2 O4 solid solution series may be a more general phenomenon and
applicable to other spinel compositions. This is supported by previous Raman spectroscopy studies
on inverse NiAl2 O4 and NiFe2 O4 spinel which indicated the existence of short-range ordering
modeled with tetragonal symmetry [40, 111]. Short-range ordering will be crucial to accurate
modeling of spinel behavior in extreme environments, difficult-to-access environments, and for
engineering specific desirable physical properties.
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Chapter 4

Advanced Characterization Technique For
Mechanochemically Synthesized Materials:
Neutron Total Scattering Analysis
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This chapter is reproduced in part with permission from O’Quinn, E.C.; Bishop, J.L.; Sherrod, R.;
Neuefeind, J.; Montemayor, S. M.; Fuentes, A.F.; Lang, M. Advanced Characterization Technique
for Mechanochemically Synthesized Materials: Neutron Total Scattering Analysis. J. Mater. Sci.
2018, 53 (19), 13400-13410. [73] Copyright 2018 Springer Science+Business Media, LLC, part
of Springer Nature.
This chapter has been modified to limit overlap with the previous chapters of this dissertation.
Introductory information concerning the pyrochlore structure and mechanochemical synthesis can
be found in chapter 1 while details regarding the ball milling conditions and neutron total scattering
experiments are described in chapter 2. For this published work, A.F.F., S.M.M., and M.L.
conceived the experiment, A.F.F. provided the samples, J.N. and M.L. performed the neutron
scattering experiment, E.C.O., J.L.B., and R.S. collected and analyzed the data, E.C.O. interpreted
the data, and E.C.O. wrote the manuscript with input from all authors.

4.1

Abstract

Materials that adopt the pyrochlore (A2 B2 O7 ) structure show promise for use in a variety of energyrelated applications such as immobilization of actinide-rich nuclear waste and oxide fuel cells.
Mechanochemical synthesis, a combination of milling and high-temperature treatment, has been
successfully applied to fabricate many different pyrochlore compositions. High-resolution neutron
total scattering experiments were used to gain fundamental insight into the structural details of
milled Er2 Ti2 O7 pyrochlore and the subsequent evolution under high temperature treatment. The
milling process creates a highly-disordered structure in which local atomic ordering is present
that is significantly different than the observed long-range behavior. Thermal annealing leads
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to a complex defect recovery scheme with a gradual local rearrangement from a weberite-type
atomic ordering to a pyrochlore phase independent of the sharp long-range crystallization process.
Annealing of the milled sample up to 1200◦ C does not reproduce the local structure of the same
pyrochlore sample prepared by solid state synthesis. This indicates that despite both samples
possessing identical long-range structures, local defects induced by the milling process persist to
very high temperatures. These findings provide a direct insight into the mechanochemical synthesis
of pyrochlore oxides and help to better understand the structural properties of highly disordered
complex oxides under extreme conditions from the local atomic arrangement to the macroscale.

4.2

Results

The total scattering structure functions of Er2 Ti2 O7 prepared by mechanochemical synthesis (MM)
and solid state synthesis (SSS) are compared in Fig. 2a. In the MM sample, the relatively weak
Bragg peaks can be unambiguously indexed by the Fd-3m space group confirming the full chemical
reaction of the starting reactants and the formation of a pure pyrochlore phase. There are no peaks
evident of any impurity phases. The low intensity of the Bragg maxima together with the large
peak width, however, indicate small diffracting domains and/or a highly defective structure [65].
An estimation of the crystalline fraction in the MM sample was obtained by measuring the area
of the most intense (133) maximum (∼2.7 Å-1 ) in the total scattering structure function [74]. The
SSS sample was assumed to be 100% crystalline and the area of the corresponding peak used for
normalization. Pseudo-voigt peak shape was used in the fitting procedure resulting in an area of
∼11% as compared with the SSS sample which confirms a highly defective structure. Further,
the Bragg peak positions are systematically shifted towards smaller reciprocal space (Fig. 4.1b)
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Figure 4.1: Neutron total scattering structure functions of milled Er2 Ti2 O7 pyrochlore before and
after thermal treatment compared with an analogous sample prepared by solid-state synthesis. In a
structure functions are stacked and shown over (a) wide range in reciprocal space (1-15 Å-1 ) and in
(b) structure functions over a narrower Q-range are overlaid for direct comparison of peak width,
position and intensity as well as the diffuse scattering background.

indicative of a larger unit cell in the milled sample. This behavior can be explained by cation
sublattice disorder as the BO6 octahedra form the “backbone” of the pyrochlore structure [112] and
the unit cell parameter is dependent on the cation occupancy at the B-site [64]. The level of broad
diffuse scattering in the MM sample is significantly higher than in the SSS sample with distinct
bands centered around Q = 3 Å-1 and Q = 5 Å-1 . Rietveld refinement of the neutron diffraction
data reveals a noticeable difference in several parameters related to the long-range structure in both
pyrochlore samples (Table 4.1). The MM sample contains disorder over both cation and anion
sublattices while the SSS sample is nearly fully ordered. The larger unit cell in the MM sample
can be attributed to B-sites partially (∼25%) occupied by Er cations (i.e., induced by cation antisite
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Table 4.1: Results of Rietveld refinement of neutron diffraction data collected from thermally
treated Er2 Ti2 O7 prepared by mechanical milling.
As-milled (MM)
800 ◦ C
1200 ◦ C
Unit cell parameter (Å)
10.1138(17)
10.1024(7) 10.0925(1)
48f oxygen position
0.3334(6)
0.3354(2) 0.3298(2)
Rw
0.0186
0.0428
0.0585
Er in 16a/Ti in 16b
0.75(2)
0.86(2)
1
O in 8b
0.19(6)
0.17(2)
0.04 (1)
Area of (113) diffraction maxima (normalized)
0.11(3)
0.34(3)
0.99(3)

Solid-state synthesis (SSS)
10.0806(1)
0.3297(2)
0.0852
1
0.04(1)
1

defects). A similar amount of disorder is apparent in the oxygen sublattice by a ∼20% occupancy
of the vacant 8b site at the expense of the 48f site.
Thermal treatment of the as-milled sample leads to a gradual structural relaxation towards
the SSS sample (Fig. 4.1). The structure function after heating to 800 ◦ C for 12 hours exhibits
a growth in Bragg-peak intensity and some reduction in peak width, but the diffuse scattering
bands persist (Fig. 4.1b). This suggests that some crystallization has occurred during annealing,
but that the temperature was not sufficiently high enough to form the fully ordered pyrochlore
phase. Peak fitting of the (133) diffraction maximum suggests that the crystalline fraction is ∼34%.
This qualitatively agrees with work performed on amorphous Gd2 Ti2 O7 , prepared by Cm-doping
[113] and bombardment with swift heavy ions [114], in which long-range recrystallization to
the pyrochlore structure occurs within a temperature range of 700 ◦ C âĂŞ 850 ◦ C. The level of
cation mixing is reduced from ∼25% in the as-milled state to around 15% and the size of the
unit cell decreases accordingly (Table 4.1). The same is observed for the oxygen sublattice with
a decreasing 8b site occupancy from ∼19% to 13%. The structure function after heating to 1200
◦C

for 12 hours shows further long-range crystallization and defect annealing as the Bragg-peak

intensity significantly increases accompanied by a reduction of the diffuse scattering. The (133)
diffraction maximum area is ∼99%, almost identical to the SSS sample. As shown by the site
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occupancy (Table 4.1), the thermal treatment leads to both a fully ordered cation sublattice (Er and
Ti on the A- and B-sites, respectively) and anion sublattice (only 4% occupancy of the 8b site)
being indistinguishable from the SSS sample. Thus, heating the MM sample to 1200 ◦ C yields a
long-range structure which is similar to that of the SSS sample, but detailed analysis of the structure
functions reveal that the Bragg peaks of the heated MM sample are still slightly shifted to smaller
reciprocal space consistent with a larger unit cell (Fig. 4.1b and Table 4.1). Further, there is some
remnant level of diffuse scattering in the sample prepared by mechanochemical synthesis indicative
of a persistent local defect structure.
The PDFs of the MM and SSS samples are shown in Figure 4.2a. The PDF of the SSS sample
exhibits pair correlations that are consistent with a fully ordered pyrochlore structure, confirmed
with small-box refinement over a r-range of 1.75 - 15 Å(Figure 3b). The PDF of the MM sample
reveals that the interatomic distances of the coordination polyhedra are significantly different to
that of pyrochlore, i.e., the PDF of the SSS sample. Instead, a predominantly weberite-type phase
(∼93%) mixed with a minor pyrochlore phase can best describe the local structure of the milled
sample. For instance, in both samples, the Ti4+ cation in octahedral coordination is represented by
a sharp negative peak (r ≈ 1.9 Å) due to the negative neutron scattering length of titanium. This
correlation, however, is broader and shifted towards lower r-space in the MM sample. The peak
present at ∼2.3 Å is indicative of a correlation between Ti and oxygen present on the 8b site. This
result agrees with Rietveld refinement in that there is disordering on the oxygen sublattice, but
further shows that there is a distortion of the local geometry around the Ti cation. A weberite-type
arrangement has been reported recently as being the dominant local phase for disordered [41] and
amorphized pyrochlore samples after ion irradiation [74, 78]. It is evident that mechanochemical
synthesis leads to the same local atomic configuration as ion irradiation, and the short-range
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Figure 4.2: Pair distribution functions of Er2 Ti2 O7 pyrochlore prepared by (black)
mechanochemical synthesis, (red) annealed to 800 ◦ C, (blue) 1200 ◦ C and (purple) the
corresponding sample prepared by solid-state synthesis.
a Very local range displaying
the interatomic distances associated with the coordination polyhedra together with indicated
correlations based on the SSS sample. b Short- to medium-range structure with the results of
small-box refinement using a mixed weberite-type/pyrochlore model [36] performed from 1.75 to
15 Å-1 . The colored lines are the experimental data, the white lines are the simulated PDFs from
the model, and the thin maroon lines below each data set are the difference curves between the
simulated and experimental data.
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structure is significantly different to the same pyrochlore composition prepared by conventional
solid state synthesis. While the short-range structure in the milled sample retains a high level
of local ordering, the intermediate-range structure (> 10 Å) display only weakly correlated peaks
indicative of a quasi-amorphous arrangement. This agrees well with the long-range structure
(Figure 4.1a) but contrasts with the pronounced intermediate-range correlations in the PDF of the
SSS which represents a highly periodic structural arrangement.
The local structure of the MM samples is significantly modified after thermal treatment to
800 ◦ C and 1200 ◦ C (Figure 3a and 3b). While the neutron diffraction patterns (i.e., long-range
behavior) at these temperatures were well refined by the pyrochlore structural model with some
incorporated disorder, there are larger discrepancies in the corresponding PDFs (i.e., short-range
behavior), particularly at low-r (Fig. 4.2a). After heating to 800 ◦ C, the local configuration around
the Ti cation has changed with respect to the as-milled sample: the Ti-O peak at ∼1.9 Å becomes
narrower, the correlation at ∼2.3 Å (most prominent in the MM sample) is reduced in intensity,
and the correlations associated with the 48f oxygen (Er-O1 ∼2.4 Å and O1 -O1 ∼ 2.6 Å) intensify.
After this heating event, the local structure appears to be more similar to the SSS sample than the
MM sample which is in agreement with small-box refinement (∼65% pyrochlore phase, Fig. 4.3).
Further annealing to 1200 ◦ C drives the local structure even more towards the SSS sample (∼88%
pyrochlore phase). However, there are distinct discrepancies between the two samples, particularly
with respect to the bonding environment around the Ti cation ∼1.9 Å and the O-O correlations
around ∼2.8 ÃĚ - 3.0 Å. The thermal evolution of the intermediate-range structure (> 10 Å) follow
a similar trend as the long-range structure. After annealing to 800 ◦ C, the pair correlations in this
region grow in intensity. Further annealing to 1200 ◦ C leads to pair correlation intensity similar
to the level of those in the SSS sample. In summary, while the long-range and intermediate-range
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analysis consistently show that heating of a mechanochemically prepared pyrochlore to 1200 ◦ C
leads to a sample that is structurally almost indistinguishable from a sample synthesized by solid
state reaction, the short-range structure is noticeably differences. Most importantly, weberite-type
ordering is retained in the milled and heated sample and accounts for about 12% of the local phase.

4.3

Discussion

Comparing the neutron diffraction data with the PDFs allows insight into the structural details of the
synthesized pyrochlore samples over a range of length scales, including the short- and long-range
behavior. The total scattering data shows that the mechanical milling process produces a highly
defective pyrochlore structure. This as-milled sample is estimated to have a crystalline fraction
of about 11%. The thermal evolution of the approximate crystalline fraction yields insight into
the long-range crystallization process (Fig. 4.3). A recent study on Dy2 Ti2 O7 , amorphized by
energetic ion irradiation, showed with combined neutron total scattering and differential scanning
calorimetry (DSC), that a sharp long-range recrystallization event occurs in a narrow temperature
range between 790 ◦ C and 850 ◦ C [74]. In this work, the crystalline fraction increased considerably
from the as-milled sample when heated to 800 ◦ C (34%) and reached ∼100% after heating to
1200 ◦ C. The fraction of recovered pyrochlore was estimated based on peak areas and may contain
some level of uncertainty. However, the evolution with temperature provides a consistent picture
suggesting that about 800 ◦ C is the middle of the long-range crystallization temperature window
and that the sample is essentially fully pyrochlore at 1200 ◦ C. The crystallization of the long-range
pyrochlore structure is accompanied by a gradual ordering process. The diffraction data show an
initially high degree of inversion between the A- and B- site cations (about 25%) and a comparable
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Figure 4.3: Estimated crystalline phase fraction based on quantitative evaluation of the (133)
peak area in the total scattering structure function (black diamonds) and the local pyrochlore
phase fraction extracted from small-box refinement of the PDFs (red squares). Error bars in the
phase fractions represent uncertainties in the peak fitting procedure and the small-box refinement
processes.
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level of anion disorder (about 19% occupation of the vacant 8b oxygen site) in the as-milled sample.
The disorder on the cation sublattice agrees with previous studies on mechanochemical synthesis
of rare-earth titanate pyrochlore structures [64, 65], but the present neutron scattering data include
additional information about the oxygen sublattice. For example, in Ref. [64], XRD revealed
that milled pyrochlores have a disordered cation sublattice, but due to a lack of information, the
anion sublattice was assumed to be fully ordered. The disordered oxygen sublattice found in this
study is however in agreement with previous EXAFS and Raman spectroscopy results [65] which
showed that the 8b site (vacant in a fully ordered pyrochlore) is populated by oxygen from the
48f site in milled samples. Based on the long-range behavior, the relative amount of disorder
seems to be larger at the cation sublattice as compared to the anion sublattice. This would lead
to the conclusion that cations order at a different rate than the anions during the milling process.
This is also evident in the relative changes of order/disorder obtained after annealing at high
temperatures. The disorder on the cation sublattice decreases after heating to 800 ◦ C from ∼25%
to ∼15% (reduction by 40%), while the change at the anion sublattice is only from ∼19% to
∼17% (reduction by 10%). After heating to 1200 ◦ C, the disorder seems to be erased over both
sublattices and there is a very small remaining amount of disorder of oxygen at the 8b sites (∼4%),
which is consistently observed for the sample produced by solid state synthesis. Our findings of
a decoupled disorder-order transformation over both sublattices was similarly observed in highpressure [115] and ion-beam [74] experiments. Pair distribution function analysis shows that the
as-milled pyrochlore is highly defective with order that extends only to the first coordination shell,
in excellent agreement to the long-range data and Ref. [65]. Refinement of the PDF reveals that
the local structure of the as-milled sample can be fit well with a mixed pyrochlore/weberite-type
model (∼93% weberite-type phase). The weberite-type phase was recently associated with the
85

local atomic configuration in irradiated pyrochlore in both disordered and amorphous compounds
[78]. It was consistently observed for samples which were disordered extrinsically (ion irradiation)
or intrinsically (change in chemical composition or stoichiometry) [41]. The present data expand
the existence of weberite-type ordering to milled samples. This implies that an ion irradiated and
milled pyrochlore are locally indistinguishable which has important implications for the use of
mechanical milling to simulate ion irradiation and produce modified material in large quantities.
While the weak diffraction peaks suggest that the as-milled pyrochlore is nearly fully amorphous, a
specific local ordering is demonstrated through the existence of a local weberite-type arrangement.
The same mixed-phase model (with variable phase fractions) was used to refine the PDFs after
heating to 800 ◦ C and 1200 ◦ C (Fig. 4.3). While the local weberite-type phase fraction agrees
reasonably well with the long-range amorphous phase fraction for the as-milled sample, there are
significant differences in the short-range versus long-range phase fractions after annealing to 800
◦ C.

Locally, pyrochlore is the dominant phase with ∼64% but only 34% has crystallized over

longer length scales. This process seems to be reversed after heating to 1200 ◦ C when pyrochlore
accounts locally for only 88% but for the long-range structure nearly 100%. This behavior can
be explained by a decoupling of short-range versus long-range ordering with a sharp and distinct
crystallization process around 800 ◦ C accompanied gradual local ordering which occurs over a
much larger temperature range. This finding is in excellent agreement with Ref. [74] in which
decoupled annealing phenomena were found to proceed at different temperatures across different
length scales in high energy ion irradiated Dy2 Ti2 O7 . As a result, the milled sample heated to 1200
◦C

can be considered the same as the sample synthesized by solid-sate reaction with regard to the

long-range pyrochlore structure. The local atomic arrangements of the two samples, however, are
still noticeably different.
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4.4

Conclusions

Neutron total scattering experiments were performed on Er2 Ti2 O7 pyrochlore prepared by
mechanical milling (with and without heating) and solid state synthesis. Neutron total scattering
with PDF analysis shows that the synthesis process has a significant effect on the structure of the
as-prepared sample with the milled sample being highly defective with a local defect structure
that can best be modeled by weberite-type ordering. Heating the as-milled pyrochlore leads to a
complex multi-scale recovery process in which cation and anion sublattice behavior as well as shortand long-range behavior are decoupled. A sharp crystallization event occurs around 800 ◦ C while
short-range ordering proceeds over a much wider temperature regime. The rate of ordering within
the newly forming pyrochlore phase seems to occur at a much higher rate on the cation sublattice
as compared with the anion sublattice. At the maximum temperature used for annealing in this
study (1200 ◦ C), the as-milled sample is indistinguishable from the same pyrochlore prepared by
solid-state synthesis based on the neutron diffraction patterns. The corresponding PDFs show in
contrast a remaining fraction of a weberite-type phase, absent in in the pyrochlore prepared by
solid state synthesis. Extrapolation of the pyrochlore phase fractions suggest that the local structure
rearrangement to pyrochlore may not be complete until 1350 ◦ C, nearly 150% higher than the
reported crystallization temperature. The discovery of a weberite-type structure in the as-milled
sample has important implications for the use of mechanochemical synthesis as a new means to
prepare highly defective materials in large quantities. This is much needed, for example, in the field
of nuclear waste management to perform high-quality leaching experiments on damaged materials
in sufficient amounts to greatly reduce the uncertainty.
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Chapter 5

Multi-Scale Structural Evolution of
Er2Sn2O7 Pyrochlore Irradiated With Swift
Heavy Ions
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A version of this chapter is presented in an unpublished manuscript by Eric C. O’Quinn, Cameron
L. Tracy, William F. Cureton, Ritesh Sachan, Rodney C. Ewing, Joerg C. Neuefeind, Christina
Trautmann, and Maik K. Lang titled “Multi-Scale Structural Response of Er2 Sn2 O7 Pyrochlore to
Swift Heavy Ion Irradiation.”
Introductory information regarding the pyrochlore structure and its response to ion irradiation
can be found in chapter 1 while the details regarding electron microscopy, x-ray diffraction, and
neutron total scattering experiments are described in chapter 2. For this unpublished work: R.C.E.,
C.L.T., and M.L. conceived the experiment, R.C.E. provided the samples, C.L.T., C.T., and M.L.,
performed the ion irradiation and x-ray diffraction, R.S. performed the electron microscopy, J.N.
and M.L. performed the neutron scattering experiment, E.C.O. and W.F.C collected and analyzed
the data, E.C.O. interpreted the data, and E.C.O. wrote the manuscript with input from all authors.

5.1

Abstract

Er2 Sn2 O7 pyrochlore was irradiated with swift heavy Au ions (2.2 GeV). The resulting structural
modifications were systematically characterized with complementary characterization techniques:
transmission electron microscopy (TEM), x-ray diffraction (XRD), and neutron total scattering
with pair distribution function analysis (nPDF). Each technique probed different aspects and length
scales of the transformed material. TEM confirmed a core-shell track structure (amorphous and
disordered, anion-deficient fluorite), which was additionally suggested by XRD. Analysis of neutron
total scattering data provided reliable estimates of the relative fraction of amorphous, fluorite, and
pyrochlore phases as a function of fluence. These phase fractions were modeled using a new,
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generalizable model for ion track morphology in pyrochlore oxides consisting four distinct phaseto-phase transformation pathways. These results extend knowledge about the multi-scale ion
irradiation response of stannate pyrochlores in the electronic energy loss regime.

5.2

Introduction

Ceramic materials proposed for the management of nuclear waste must demonstrate structural
stability under intense particle irradiation.

Recent studies into pyrochlore structures have

demonstrated their ability to incorporate actinides [116] and retain crystallinity against their
radiological decay [42]. These attractive qualities, along with low thermal conductivity [117]
and chemical durability [55], make pyrochlore structures ideal candidates for the safe disposal of
actinide-bearing nuclear waste.
Compositions that exhibit the complex oxide pyrochlore structure (A2 B2 O7 stoichiometry, 9 Å<
a0 < 12 Å) can exhibit a wide variety of exotic properties: giant magnetoresistance [118], geometric
frustration [119] and spin ice states [120], oxygen ion conductivity [121], superconductivity [122],
and radiation stability [123]. This diversity is a result of the compositional accommodation of over
500 combinations of A- and B- site cations [24]. Belonging to isometric space group Fd-3m, the
pyrochlore structure can be imagined as a 2×2×2 superstructure of AO2 fluorite, containing two
distinct cation sites (16c, 16d), two distinct anion sites (48f, 8b), and an ordered anion vacancy
(8a). The A-site cation is eight-coordinated and resides in a distorted cubic coordination polyhedron
while B-site is six-coordinated and occupies a distorted octahedron. Though the large unit cell
(V0 > 103 Å3 ) contains 88 atoms, pyrochlore crystallography can be constrained fully by two
structural degrees of freedom: the unit cell parameter (a0 ) and the position of the oxygen ion
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Figure 5.1: Relation between atomic arrangements in the ordered, fluorite-derivative pyrochlore
unit cell, disordered, defect fluorite unit cell, and the semi-ordered, weberite-type unit cell. The
basis vectors on the left correspond to the isometric pyrochlore and defect fluorite arrangements
while the basis vectors on the right correspond to the orthorhombic weberite-type arrangement.
The green atoms are the Er3+ , the purple atoms are the Sn4+ , and the red atoms are the O-2 ; in the
defect fluorite and weberite-type phases, cation disorder is represented by atoms filled with two
colors and the unfilled red atoms in the defect fluorite phase represent the random distribution of
vacant sites on the anion sublattice.

at Wycoff equipoint 48f (x). The structural stability of these compounds is strongly linked to
the ratio of the cationic radii, rA /rB with the pyrochlore structure preferred when 1.46 < rA /rB
< 1.78 [24]. Above 1.78, a monoclinic, perovskite-type structure is preferred; less than 1.46, a
cation-disordered, anion-deficient fluorite phase is typically preferred. Under this order-disorder
transformation to defect fluorite, the A and B cations randomly occupy the cation sublattice, the
anions and vacant sites randomly occupy the anion sublattice, and the periodicity of the structure
is reduced by a factor of two [124]. Recent studies, however, have shown that the atomic-scale
configuration of disordered fluorite materials are better represented by an orthorhombic, weberitetype [47] arrangement instead of a true fluorite arrangement [41, 78, 125]. While the pyrochlore,
disordered fluorite, and weberite-type structures (Fig. 5.1) are all based on the parent fluorite
structure, they all appear differently at the atomic-scale.
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During exposure to energetic particle irradiation, an insulating material can exhibit a variety
of responses. Pyrochlore structures encapsulating nuclear waste must not be deteriorated by either
the alpha-decay events nor the spontaneous or neutron-induced fission events arising from the
immobilized actinides [25]. Gd2 Ti2 O7 , for instance, has been shown to undergo a crystalline-toamorphous transition when doped with 244 Cm, which undergoes alpha-decay (1.452 MeV/u alpha
particle) and spontaneous fission [52]. The alpha-decay process of most actinides generally results
in a 1.0 - 1.5 MeV/u alpha particle and a low-energy recoil nucleus [126]. These low energy heavy
nuclei lose their energy predominately by ballistic collisions with other nuclei in the lattice. Many
studies have simulated the response of the pyrochlore structure to alpha-decay recoil nuclei with
keV-MeV energies, heavy particle irradiation [42, 55, 124, 54, 127]. By contrast, ions with kinetic
energy greater than 1 MeV/u, such as fission fragments, initially lose their energy by excitation
of the electrons in the target material. Swift heavy ions can also be used to manipulate materials
via this energy loss mechanism. In this case, the deposited energy is transferred to the crystalline
lattice via electron-phonon coupling and a cylindrical region of heated material forms around the
ion trajectory [128, 129]. Eventually, this kinetic energy dissipates and reaches values comparable
with the energy of the interatomic interactions [130]. Experimental characterization has revealed
that swift heavy ions depositing energy in this regime create distinct concentric damage zones
[93, 56, 131]: an amorphous volume closest to the ion trajectory surrounded by a disordered,
anion-deficient fluorite phase enclosed by a halo of defect-rich pyrochlore extending into the
unirradiated matrix. The presence of each of these three damage zones is particularly interesting
in the case of the titanate pyrochlores (e.g. Gd2 Ti2 O7 ) which are known to completely amorphize
under continued exposure to swift heavy ions. It follows that while Gd2 Ti2 O7 is ultimately made
completely amorphous by ion exposure, there must be some material that is initially transformed
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into disordered fluorite and then amorphized upon a secondary ion impact. This transformation
pathway was included in the heterogeneous track overlap model (HTOM) constructed by Sattonnay
et al. [132] which reproduced ion-induced phase transformation data for, not only the amorphizable
titanate pyrochlores, but also the zirconate pyrochlore oxides (e.g. Gd2 Zr2 O7 ), which undergo a
order-disorder transformation to the anion-deficient fluorite phase. Tracy et al. [133] introduced an
interesting development to understanding swift heavy ion track morphology with work on stannate
pyrochlores (e.g. Gd2 Sn2 O7 ). For A2 Sn2 O7 pyrochlores for which the A-site cations are large,
complete amorphization was induced while saturation of amorphization below unity was observed
for stannate pyrochlores which contain smaller A-site cations. It was concluded that epitaxial
recrystallization of the amorphous volume to disordered fluorite must be included in the model for
swift heavy ion track morphology which reproduced experimental data for the stannate pyrochlores.
However, it has not yet been shown whether a generalizable model could be constructed that consists
of both track overlap and recrystallization transformation pathways.
In pyrochlore oxides, the relative sizes of ion-induced damage zones and the eventual structural
response after prolonged ion exposure is due primarily to chemical composition and bonding
character. For instance, the nature of chemical bonding present in the structure will influence the
ion-induced atomic motion [134] and, thus, the relative presence of these damage zones. Materials
with a high degree of short-range covalent bonding will allow for structural stabilization in many
different energy minima in the post-irradiation environment while systems with largely long-range
ionic bonding will be driven by the need to neutralize electrostatic charges [135]. As such, the
propensity to form an aperiodic atomic arrangement after irradiation is greater in materials with
a higher degree of covalent bonding. In addition to bonding character, in A2 B2 O7 pyrochlore
oxides, irradiation response has been linked to ratio of the cationic radii, rA /rB [93, 136, 137]; as the
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ratio becomes smaller, the cation disordering energy becomes smaller. Er2 Ti2 O7 and Er2 Zr2 O7 ,
for instance, exhibit different radiation responses. As expected, Er2 Zr2 O7 (rA /rB = 1.394), which
initially synthesizes as a disordered fluorite and is more accommodating of cation disordering,
exhibits no apparent radiation-induced amorphization [138]. Conversely, Er2 Ti2 O7 (rA /rB = 1.659),
an ordered pyrochlore, is amorphized by swift heavy ion irradiation. Based solely on, rA /rB , it may
be expected that Er2 Sn2 O7 (rA /rB = 1.455) would display an irradiation response intermediate to
that of its titanate and zirconate analogs. The electronegativity of Sn, however, is much higher than
Zr and Ti (1.96 vs. 1.33 and 1.54 Pauling units, respectively [139]) and the stannate pyrochlores
have been shown to from a strong covalent network of Sn-O-Sn chains [140]. This would imply
that the composition would amorphize under ion irradiation due to its ability to stabilize in many
different energy minima after irradiation. Therefore, Er2 Sn2 O7 provides a unique opportunity to
separate the influences of the cationic radius ratio and chemical bond nature on the ion irradiation
response from one another.
In this paper, we present a systematic characterization of the response of Er2 Sn2 O7 pyrochlore
to 2.2 GeV Au ion irradiation with transmission electron microscopy (TEM), synchrotron xray diffraction (XRD), and neutron total scattering including pair distribution function analysis
(nPDF). Each technique probes different characteristics of the irradiation response; thus, we
quantitatively extracted information about modified material cross-sectional areas, track diameters,
and transformed phase fractions. Real-space structural analysis provided reliable estimates for the
the ion-induced phases. We introduce a generalizable model for ion track morphology in pyrochlore
oxides consisting four distinct phase-to-phase transformation pathways: (i) unirradiated pyrochlore
to an amorphous phase, (ii) unirradiated pyrochlore to a disordered fluorite phase, (iii) disordered
fluorite to an amorphous phase, and (iv) the amorphous phase recrystallized to disordered fluorite.
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These results expand upon current knowledge of ion-matter interactions in pyrochlore over the
electronic energy loss regime.

5.3
5.3.1

Experimental Methods
Swift Heavy Ion Irradiation

The polycrystalline sample powders for this study were synthesized by mixing constituent oxides
Er2 O3 and SnO2 in proper stoichiometric ratios. After being pressed into pellets and firing for 20
hours at 1200◦ C, the powders were reground, repressed, and fired again for 24 hours at 1400◦ C.
These pellets were reground into a powder with an average grain size of 1 µm. Irradiation was
performed with 2.2 GeV Au ions at UNILAC accelerator beamline X0 at GSI Helmholtz Centre for
Heavy Ion Research in Darmstadt, Germany. The thickness of samples (40 µm for X-ray diffraction
and electron microscopy and 70 µm for neutron scattering) were chosen by using the SRIM code
[83] to isolate the effects of electronic energy loss. The mass of each sample was then determined
from the calculated thickness, the cross-sectional area of the sample holder, and the theoretical
density of Er2 Sn2 O7 (8.19 g/cm3 ). Regardless of the actual packing fraction of the sample within
the holder, the Au ions only lost energy in the grains of the sample and not in the voids between
the grains. Using this formulation ensured that the ions would completely penetrate each sample
with negligible nuclear energy loss. Samples were loaded into the custom aluminum holders and
pressed with a hydraulic press with a pressure of 25 MPa. These holders were then wrapped in
7 µm aluminum foil and secured to a 5 cm × 5 cm aluminum plate. Using a beam flux of 109
ions/sec·cm2 , samples were irradiated to fluences (ions/cm2 ) of 3×1011 , 6×1011 , 7×1011 , 2×1012 ,
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4×1012 , 5×1012 , and 8×1012 with a 5 cm × 5 cm ion beam. The mean energy loss through the
samples analyzed with XRD is 47.63 keV/nm and the mean energy loss through the neutron total
scattering and TEM samples is 46.72 keV/nm. After waiting for the level of radiological activation
to decrease, the samples were removed from the aluminum holders using a blunt-tipped needle
and ground into powders using an agate mortar and pestle. Additional details concerning this
experimental strategy can be found elsewhere [78, 74, 141].

5.3.2

Transmission Electron Microscopy

To obtain TEM images of single, non-overlapping ion tracks, only samples irradiated to a fluence
of 3×1011 ions/cm2 were studied. The orientation of the electron beam was along the trajectory of
the swift heavy ions to allow cross sectional analysis of the ion track. Using the microscope in a
bright field setup, images were captured of many ion tracks in the same view. Additional images
were taken of single ion tracks while using the microscope in high-resolution mode. The samples
for plan-view imaging were prepared by crushing the irradiated materials into fine powder and
subsequently drop-casting onto a lacey carbon TEM grid. The HAADF imaging was conducted in
a 5th order aberration corrected STEM (Nion UltraSTEM 200) operating at 200 kV. The electron
probe with 28±2 pA current was used in the experiment. HAADF images were obtained using a
detector with an inner angle of 65 mrad.

5.3.3

X-Ray and Neutron Scattering

Long-range structure analysis of ion beam induced damage was performed with synchrotron x-ray
diffraction (XRD) at beamline B2 of the Cornell High Energy Synchrotron Source (CHESS). Each
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sample (unirradiated reference, 6×1011 , 2×1012 , 5×1012 , and 8×1012 ions/cm2 ) was exposed to a 1
mm2 monoenergetic 25 keV x-ray beam (λ = 0.496 Å) for five minutes. The Mar charge-coupled
detector images were integrated in the azimuthal direction using FIT2D [88].
Local structure analysis of the ion beam induced damage was done with neutron total scattering
experiments performed at the Nanoscale-Ordered Materials Diffractometer [142] (NOMAD) at the
Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Each sample (unirradiated
reference, 7×1011 , 2×1012 , 4×1012 , and 8×1012 ions/cm2 ) was measured at standard pressure and
temperature for about 100 minutes in 2 mm diameter quartz capillaries. Scattering measurements
were performed on diamond powder to calibrate the time-of-flight detectors. Additionally, 60
minute measurements were collected from a solid vanadium rod and an empty 2 mm quartz capillary.
Neutron total scattering structure functions, S(Q), were obtained by normalizing the backgroundsubtracted scattering intensity to the scattering intensity from a vanadium rod (additional details
can be found elsewhere [143, 144]). The structure functions were then multiplied by a Lorch
function [145] to dampen data noise at high Q. The structure function was corrected for unphysical
curvature (with the use of a Fourier filter). Finally, G(r), the reduced pair distribution function was
obtained, using the STOG program [146], by a Fourier transform in Q:

2
G(r) =
π

Z

Q max

Q[S(Q) − 1] sin(Qr)dQ
Q min

where the integral was carried out from 0.2 Å-1 to 25.0 Å-1 .
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(5.1)

5.3.4

Rietveld and Small-Box Structure Refinement

The GSAS [102] software package was used to refine the neutron diffraction patterns from NOMAD
banks 2, 3, 4, and 5. The pyrochlore and defect fluorite crystal structures used are shown in Table 1.
Additional refined parameters include arbitrary scale factors, sample absorption factor, the x position
of the 48f oxygen atom (pyrochlore), ADPs for each Wycoff equipoint, and a 10-term Chebyshev
series as the background. All diffraction pattern refinements resulted in total Rwp values lower
than 6.2%. Local structure characterization was obtained from real-space small-box refinement of
the PDFs using PDFgui [106]. For small-box characterization, a parameter (“delta1”) was refined
to account for locally correlated atomic motion. To keep the number of refinable parameters to a
minimum, isotropic ADPs were assigned to each Wycoff equipoint and the same ADP was used
for each of the three 4a oxygen sites in the C2221 weberite-type model. All small-box refinements
reported result in Rwp values lower than 11.0%. To estimate the relative fraction of the radiationinduced amorphous phase at each fluence, peaks in the neutron total scattering structure function,
S(Q), were deconvoluted using the method developed by Lang et al. [137]. The amorphous fraction
at each fluence was estimated to be the fraction of the integrated area of the first-order amorphous
peak to the total integrated area over the same range in Q-space. Analysis was done with OriginPro
2018 [147]. While this technique has been previously, exclusively utilized on x-ray diffraction data,
it is also applicable to the neutron total scattering data as none of the peak area corresponding to
the amorphous phase is subtracted as background.
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Figure 5.2: Bright field and (b, c) high-resolution transmission electron microscopy images of 2.2
GeV Au tracks in Er2 Sn2 O7 .

5.4
5.4.1

Results
Transmission Electron Microscopy

The TEM images confirm the existence of ion tracks in Er2 Sn2 O7 , after irradiation to an ion fluence
of 3×1011 ions/cm2 with several ion tracks seen in one bright field TEM image (Figure 5.2a). Each
ion track has a circular geometry and the modified region contrasts with the unirradiated material.
A faint extended damage region is visible around each track. Eight ion tracks were each measured
seven times across to obtain a mean track diameter of 8.5(2) nanometers (nm, standard error).
Figure 5.2b shows several ion tracks in one high-resolution TEM image. Visible in each track is a
dark “core” region within a lighter “shell” region. Because the track area is not perfectly circular,
track diameters were measured in seven different directions across the center. Six ion tracks were
analyzed to obtain a mean “core” diameter of 6.9(3) nm and a mean “shell” diameter of 11.9(5)
nm. A high-resolution image of a single ion track (Figure 5.2c) shows signs that within the dark
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“core” region, there is a small amorphous volume. This one track was measured 15 times across,
in different directions, yielding an amorphous diameter of 2.8(4) nm.

5.4.2

X-Ray Diffraction

Material modification due to swift heavy ion irradiation was analyzed by synchrotron XRD (Fig.
5.3). X-ray diffraction patterns of Er2 Sn2 O7 before and after irradiation to several fluences are
shown. The XRD pattern of the pristine sample reveals a highly crystalline starting material with
peaks indexed unambiguously as pyrochlore (see unirradiated pattern for peak indexing). The
most intense, near 2.0 Å-1 , is the (222)PY (pyrochlore phase) peak and the (133)PY pyrochlore
superstructure peak is visible around 2.6 Å-1 . Irradiation of the materials leads to a gradual
broadening of the peaks with even Miller indices (e.g., (222)) and the attenuation of the peaks with
odd Miller indices (e.g., (133)). The peaks with odd Miller indices are produced solely by the
pyrochlore structure; the reduction of only these super-structure maxima is evidence of an orderdisorder transformation to a defect fluorite phase ((222)PY → (111)DF ). At higher fluences, a broad
diffuse peak becomes visible from 1.9 Å-1 to 2.5 Å-1 . This diffuse scattering in an XRD pattern
is indicative of an atomic arrangement that lacks coherency over long length scales. Fig. 5.3b
highlights the evolution of the (222)PY diffraction maxima as a function of ion fluence. Initially,
after an exposure to a fluence of 6×1011 ions/cm2 , the peak width decreases slightly and shifts to
lower Q indicating an expansion of the unit cell. With increasing irradiation, the peak broadens
and continues to shift to lower Q. This continued peak broadening has a linear relationship with
the ion fluence. The features present in these patterns (“amorphous peak” and elimination of
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b)

a)

Figure 5.3: (a) X-Ray diffraction patterns (1.75 Å-1 < Q < 5.25 Å-1 ) and (b) (222) diffraction
maxima as a function of ion fluence. In both plots, all peaks have been normalized to the same
maximum intensity. The prominent maxima of the pyrochlore structure are indexed. The labels
are given in the number of ions/cm2. Shown in the inset, the relative width change in the (222)
diffraction maxima as a function of ion fluence.
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Figure 5.4: Neutron total scattering structure functions (a) stacked from 1.75 Å-1 < Q < 5.25 Å-1
and (b) stacked from 1.0 Å-1 < Q < 4.5 Å-1 . The prominent maxima of the pyrochlore structure are
indexed.

superstructure peaks) are in agreement with a study by Tracy et al. [133] which demonstrated that
stannate pyrochlores exhibit mixed amorphous and disordered ion track components.

5.4.3

Neutron Total Scattering

Neutrons interact strongly with oxygen and provide additional information about the ion irradiation
response (e.g., modification of the anion sublattice) in Er2 Sn2 O7 . Rietveld refinement of the
unirradiated sample indicates a pure pyrochlore phase with a unit cell parameter of 10.3625(2) Å
and an oxygen position parameter (x48f ) of 0.33725(6). As the material is irradiated, the structure
functions reveal a more complex material response than the XRD patterns. Unlike with XRD, the
width of the (222)PY peak remains constant without a broad peak buildup at its base. Instead, the
background across increases with irradiation across a wide range in reciprocal space. The structure
functions also show that under ion irradiation, the pyrochlore superstructure peaks disappear into a
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diffuse peak from 2.25 Å-1 to 3.75 Å-1 (this effect is particularly clear in Fig. 5.4b). The amorphous
fraction, obtained from peak deconvolution over this range of Q-space, increases initially to 12(1)%
after exposure to 7×1011 ions/cm2 before reaching 28(4)% after exposure to 8×1012 ions/cm2 . The
differentiation and quantification, however, of the radiation-induced crystalline phases (i.e., fluorite
and pyrochlore) is complex using the structure function representation.

5.4.4

Neutron Pair Distribution Function Analysis

Neutron pair distribution function analysis (PDF) was utilized to characterize the effects of ion
irradiation on the short- (1.5 - 15 Å) and intermediate-range (15 - 50 Å) structure. Peaks in the
PDF arise from atom-atom correlations of mean distance, r. The area of a peak is dependent on
the number of atomic pairs of correlation length, r, and, therefore, coordination number. Peaks in
the sample prior to irradiation (Fig. 5.5) are indicative of pair correlations in a perfect pyrochlore
structure. The radiation-induced crystalline phase transformation was characterized by utilizing
neutron pair distribution function analysis in the “intermediate-range” (15 - 50 Å). While fluorite
and pyrochlore exhibit diffraction patterns that contain Bragg peaks in very similar positions in
Q-space, these phases exhibit a very different distribution of pair correlations in r-space. In this
region of r-space, peaks are indicative of the crystalline phases alone. After receiving an ion
fluence of 7×1011 ions/cm2 , it is expected that the ion tracks have not entirely overlapped and
modified the volume of the sample; therefore, an unirradiated pyrochlore phase was included in
the initial PDF refinement (Fig. 5.6a). The fit, however, was improved by refining the parameters
of the pyrochlore phase. To make the model more physically correct, the PDF was ultimately
refined with three different crystalline phases: disordered fluorite, irradiation-modified pyrochlore
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Figure 5.5: Refinement of the neutron PDF corresponding to the unirradiated Er2 Sn2 O7 pyrochlore
sample. The black circles denote the experimental data, the red line is the fit, and the blue line is
the difference between the two.
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Figure 5.6: Refinements of the intermediate-range structure (15-50 Å) for Er2 Sn2 O7 irradiated with
(a) 7×1011 , (b) 2×1012 , (c) 4×1012 , and (d) 8×1012 ions/cm2 . For each fluence, the intermediaterange structure was refined with three models: defect fluorite and unmodified pyrochlore, defect
fluorite and modified pyrochlore, and defect fluorite, unmodified pyrochlore, modified pyrochlore.
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(a0 = 10.43(3) Å), and unmodified pyrochlore (a0 = 10.360(1) Å). The presence of a modified
pyrochlore phase is in agreement with previous work by Lang et al. [93] in which swift heavy ions
in pyrochlore structures were shown to create a strained, defect-rich halo of a pyrochlore phase
concentrically surrounding the core-shell track structure. Here, the cations and 8b oxygen are still
ordered on their respective Wyckoff equipoints, but the some of the 48f oxygen have been displaced
to the previously vacant 8a site. These anti-Frenkel defects lead to swelling of the unit cell. This
same analysis was applied at each fluence with the three-phase model consistently producing the
optimal fit to the experimental PDF from 15 - 50 Å and, thus, a reliable estimate of the fraction of
each phase. Each phase was then isolated and a simulated PDF was generated from 0.1 - 100 Å.
This simulated PDF was then Fourier transformed to produce a corresponding simulated structure
function (Fig. 5.7). The difference between the unmodified (red) and modified (blue) pyrochlore
fractions can be seen as the modified pyrochlore exhibits less intense peaks at higher-Q (indicative
of disorder) and peaks shifted to lower-Q (unit cell expansion). All of the calculated PDFs were then
subtracted from the experimental PDFs to produce a structure function for the amorphous phase
(green). An intense diffuse scattering band is observed between 2.25 Å-1 to 3.75 Å-1 . Another
interesting feature is observed at ∼ 4.0 Å−1 which may be a Bragg peak at the same position as the
(113)fluorite /(226)pyrochlore peak and could be attributed to slight under-subtraction of the crystalline
phases. However, the most intense Bragg peak (∼ 3.5 Å−1 ) does not appear in the amorphous
structure function and, thus, may be indicative of longer-range cation ordering even within the
amorphous phase.
To gain further insight into shorter-range ordering within the irradiated samples, the PDFs were
analyzed in smaller r-space (Fig. 5.8). As the pyrochlore starting sample is irradiated to increasing
fluences, some of the local atom-atom correlations begin to shift. The Sn-O1 correlation peak
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decrease slightly and shifts to higher-r and the Sn-O1 correlation peak decreases dramatically and
shifts to lower-r. A new peak emerges around 2.3 Å into which the Er-O2 correlation is convoluted.
Interestingly, all the PDFs exhibit an isosbestic (crossover) point indicating that the probability
of finding an interatomic distance of about 2.7 Å is not affected by irradiation. This distance is
very close to the O1 -O1 pair correlation distance. The shifting of cation-anion correlation lengths
without shifting anion-anion correlation lengths is indicative of a symmetry reduction in which
cations are displaced from the center of their coordination polyhedra. Indeed, the PDF of the local
structures in the irradiated samples is well-modeled by a mixture of semi-ordered weberite-type
arrangement [41] representing the material modified by the ion and an ordered pyrochlore phase
representing the remaining undamaged fraction [78]. Prominent correlation peaks in the pristine
sample (e.g. 10 Å, 13 Å) widen under irradiation and smaller peaks surrounding it are convoluted
into larger, broader peaks.

5.4.5

Transformed Fraction Analysis

Transformed fractions (Fig. 5.9) were initially analyzed using two different models. First, using
the heterogeneous track overlap model constructed by Sattonnay et al. [132] (Fig. 5.10a) which
assumes a core-shell track morphology with overlapping shells producing local amorphization;
this model consists of transformation pathways from the pyrochlore phase to a disordered phase
(σV D ), the pyrochlore phase to an amorphous phase (σV A), and the disordered phase to the
amorphous phase (σ D A). Another model considered was taken from Tracy et al. [133] (Fig. 5.10b)
which also assumes a core-shell track morphology but includes epitaxial recrystallization from
the amorphous volume to the disordered fluorite phase at the expense of simplified cross sections
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Table 5.1: Extracted diameters of 2.2 GeV Au ion track components in Er2 Sn2 O7 pyrochlore from
the models shown in Figures 5.10 and 5.11.
core (nm)
Sattonnay et al. (2012) [132]
4.7(3)
Tracy et al. (2016) [133]
4.9(2)
Combined Model
3.0(1)
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shell (nm)
9.4(4)
9.5(3)
9.3(4)

halo (nm)

10.1(5)

weight fraction

1.0

unmodified pyrochlore
modified pyrochlore
disordered fluorite
amorphous

0.8
0.6
0.4
0.2
0.0
0

2

4

6

8

fluence (1012 ions/cm2)
Figure 5.9: Phase fractions extracted from small-box refinements of PDFs from 15 Å - 50 Å. Lines
between data points are shown to guide the eye.
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a) simultaneous fit using model from Sattonnay et al. (2012)
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Figure 5.10: Extraction of transformation cross sections utilizing models from (a) Sattonnay et
al. [132] and (b) Tracy et al. [133]. The data sets correspond to defect fluorite (blue) and the
amorphous phase (green) which were fit simultaneously.

(e.g., pyrochlore-to-disordered and amorphous-to-disordered cross sections are both σ D ). Both
models capture the general behavior of the radiation response with similar extracted values for
the diameters of the amorphous core and the disordered fluorite shell (Table 5.1); an outstanding
question remains, however, regarding whether a model incorporating all transformation pathways
should be considered.
Generally, Er2 Sn2 O7 is either crystalline or amorphous after irradiation with swift heavy ions.
The rate at which the fraction of crystalline phase ( f C ) is being transformed to the amorphous phase
can be given as [133]:
d fC
= −σC A f C + σ AC f A (1 − f A )
dφ

(5.2)

where σC A and σ AC are the crystalline-to-amorphous and amorphous-to-crystalline transformation
cross sections, respectively.

The second term arises because the amorphous-to-crystalline
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transformation depends on crystalline/amorpohus interfaces; the amount of crystalline/amorphous
interfaces scales with f A (1 − f A ) [148]. The solution to equation 5.2, assuming 100% initial
crystallinity, is:
f C (φ) =

σ AC − σC A
,
σ AC − σC A e φ(σC A−σ AC )

(5.3)

and the amorphous fraction is simply:

f A (φ) = 1 −

σ AC − σC A
σ AC − σC A e φ(σC A−σ AC )

(5.4)

The crystalline component can be separated into two phases: a pyrochlore phase and a disordered
fluorite phase. A simplification can be made in which the total pyrochlore phase is assumed to
obey a single-impact transformation model in which the material being irradiated is presumed to
be “transformed” from one phase to something else due to only one ion interaction. Therefore, the
fraction of pyrochlore, fP , that changes per ion impact, then, is only dependent on the areal amount
of transformed material per ion impact (σT ) and the yet un-transformed fraction of the material:

dfP
= −σT f P
dφ

(5.5)

The solution to this single-order differential equation is given by:

f P (φ) = e−σT φ

(5.6)

This model predicts the amount of untransformed material to decrease rapidly and eventually vanish.
Combining equations 5.3 and 5.6 and separating the crystalline-to-amorphous cross section into
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Figure 5.11: Simulaneous fit of equations 5.7 and 5.8 to the phase fractions obtained by PDF
analysis (Fig. 5.9). The data sets correspond to defect fluorite (blue) and and the amorphous phase
(green) which were fit simultaneously.
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pyrochlore-to-amorphous and disordered-to-amorphous cross sections:

f D (φ) =

σ AD − (σ P A + σ D A )
− e−(σ PD +σ P A )φ,
φ(σ
+σ
−σ
)
P
A
D
A
AD
σ AD − (σ P A + σ D A )e

(5.7)

where the amorphous-to-crystalline cross section (σ AC ) has been simplified to an amorphous-todisordered cross section (σ AD ), assuming that ions do not create pyrochlore from the amorphous
volume, only disordered fluorite. Therefore, the amorphous fraction can be expressed as:

f A (φ) = 1 −

σ AD − (σ P A + σ D A )
,
σ AD − (σ P A + σ D A )e φ(σ P A+σD A−σ AD )

(5.8)

The amorphous, disordered, and pyrochlore fractions all sum to unity. These equations result in four
cross sections, σ PD , σ P A, σ AD , and σ D A, the values for which were obtained via the simultaneous
fit of equations 5.5, 5.7, and 5.8 to the estimated phase fractions (Fig. 5.11). The area of the
amorphous track core can be interpreted to be the pyrochlore-to-amorphous cross section (σ P A)
which was refined to be 7(1) nm2 . This corresponds to an amorphous diameter of 3.0(1) nm. The
total loss of the pyrochlore phase (σ P A+σ PD ) is 61(9) nm2 which corresponds to a disordered plus
amorphous diameter of 9.3(4) nm. An estimate can be made for the radial extent of the defective
pyrochlore halo by assuming that, prior to track overlap, phase accumulation of defective pyrochlore
is linear with ion fluence (i.e.

df
dφ

≈ σ). By using the estimated fraction of defective pyrochlore

after exposure to 8×1011 ions/cm2 , the halo was estimated to extend about 0.4 nm beyond the edge
of the disordered fluorite shell yielding a total core + shell + halo diameter of 10.1(5) nm (Table
5.1).

114

local weberite fraction

1.0

without refinement
of the pyrochlore phase

0.8
with refinement
of the pyrochlore phase

0.6

2
=
106(8)
nm
WB
dWB = 11.6(4) nm
2
WB = 89(16) nm
dWB = 10.7(9) nm

0.4
0.2
0.0
0

2

4

6

8

ion fluence (1012 ions/cm2)
Figure 5.12: Weberite-type (C2221 ) local phase fraction extracted from small-box refinement of
PDFs in the 1.5 - 15 Å region. The red dashed line is the fit of a single-impact transformation model
to the data points. The uncertainty of the transformation cross section arises from the propagation
of phase fraction uncertainty through the uncertainty of the fit of the single-impact model.
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To gain further insight into the effect of ion irradiation on the atomic-scale of Er2 Sn2 O7 , the
PDFs were analyzed in the region up to 15 Å. PDFs for all ion fluences, in this region of real space,
were well-refined with a two-phase model consisting only of unmodified pyrochlore and a C2221 ,
weberite-type arrangement [47, 41] (Fig. 5.12, gray). The quality of fits could be slightly improved
by refining the parameters of the pyrochlore phase (Fig. 5.12, red). In either case, the fraction of
the weberite-type phase increases with the ion fluence mimicking a single-impact transformation.
Indeed, a single-impact model fits the data, from which a transformation cross section and track
diameter can be extracted. When the pyrochlore phase is refined, the fit yields a track diameter of
10.7(9) nm compared with 11.6(4) nm when compared with the fit of the data when the pyrochlore
phase is left unmodified.

5.5

Discussion

Complementary characterization techniques were utilized to investigate the ion track morphology
and fluence-dependent material modification in the pyrochlore Er2 Sn2 O7 . Ion tracks were studied
directly with electron micrographs and indirectly with synchrotron x-ray diffraction and neutron
total scattering data. Characterization with different techniques probes different length scales
which explains the variance in the estimated track diameters (Fig. 5.13). Analysis of ion-induced
phases using real-space data gave reliable estimates of phase fractions from which a model for
transformation pathways developed.
As expected, the interaction the 2.2 GeV ions with the pyrochlore oxide created ion tracks with
concentric damage zones [149, 93] due to ionization and electronic excitation. The component
of the ion track that is the closest, radially, to the ion trajectory is the amorphized volume due
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Figure 5.13: Summary of experimentally determined ion track diameters from TEM and neutron
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to the high density of deposited energy (falling off as r 2 from the ion trajectory centerline). The
amorphous core of the track was directly measured from the HRTEM image (Fig. 5.2c) to be
3.0(1) nm. This measurement is similar to the value estimated (2.8(1) nm) from the pyrochlore-toamorphous cross section extracted from the fit of the combined model (Fig. 5.11). This value is an
improvement from the diameters estimated from the fits of the models from Sattonnay et al. (dPA
= 4.7(3)) and Tracy et al. (dPA = 4.9(2)) (Fig. 5.10).
Concentrically surrounding the amorphized region is a disordered, defect fluorite phase. The
measured size of this region was based on clear contrast variations in the image. Generally, the
contrast between the outer edge of this region and the inner edge of the next region is weaker in
the HRTEM image than in the BFTEM image. Regardless, the outer diameter of this region was
measured using the HRTEM image (Fig. 5.2b) to be 6.9(3) nm and with the BFTEM image to be
8.5(2) nm. The outer diameter of this region was also estimated using the sum of the pyrochloreto-amorphous and pyrochlore-to-fluorite cross sections (9.3(4) nm). By comparison, the estimated
outer diameter of this region using the models by Sattonnay et al. and Tracy et al. were 9.4(4) nm
and 9.5(3) nm, respectively. The similarity of core + shell diameters for all models can be primarily
attributed to the rate at which the pyrochlore phase is being removed due to ion exposure.
Extending beyond the disordered, defect fluorite region is a halo of defect-rich pyrochlore.
This is directly observed in the HRTEM image as a white-ish, lighter color than the surrounding
matrix with a diameter of 11.9(5) nm. The presence of a modified pyrochlore region is supported
by the PDF refinements of the intermediate-range structure in which three distinct crystalline
phases reproduce the experimental data. An estimate was also made for the diameter of the track
(including the halo) of 10.1(5) nm assuming a linear increase of the modified pyrochlore phase up
to an exposure of 8×1011 ions/cm2 . The discrepancy between this value and the observed diameter
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in the HRTEM image could be attributed to some degree of track overlap at ths ion fluence which
would have the effect of reducing the observed amount of modified pyrochlore. Interestingly, the
outer diameter of this region in the HRTEM images is similar to the track diameters extracted from
the fit of a single impact transformation model to the local weberite-type phase fraction. For the
local structure refinements in the region of 1.5 - 15 Å, pair correlations from four unique phases
(Fig. 5.7) should contribute to the PDF: (i) an amorphous core, (ii) a disordered fluorite shell, (iii)
a halo of defect-rich modified pyrochlore, and (iv) the unirradiated pyrochlore matrix. However,
only two phases were needed to reproduce the PDF with high-fidelity: the weberite-type phase
and a pyrochlore phase. The increasing weberite-type phase fraction exhibited the behavior of a
single-impact transformation model (Fig. 5.12), suggesting that the local structure is transformed
from pyrochlore-type ordering to weberite-type ordering with one ion impact. When the pyrochlore
phase was not refined (representing the unirradiated matrix), the outer diameter of this transformed
region was estimated as 11.6(4) nm; when the pyrochlore phase was also refined, the outer diameter
was estimated as 10.7(9) nm. The high similarity between the outer diameter of the defect-rich
pyrochlore halo estimated with HRTEM and the diameter of the region in which the local structure
is transformed to weberite-type ordering suggests that this local model is a good representation of
the polyhedral geometries and short-range ordering present in amorphous, disordered fluorite, and
defective pyrochlore Er2 Sn2 O7 .
The ion fluence-dependent structural modification to pyrochlore oxides (i.e., as tracks begin to
overlap) has been a source of speculation. The previous models employed to explain this behavior
have included various phase-to-phase transformation pathways. The model developed by Sattonnay
et al. contained a fluorite-to-amorphous cross section which represents the material that is converted
to fluorite with one ion impact and subsequently amorphized with a second ion impact. This model,
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however, does not incorporate pathways for epitaxial recrystallization of the amorphized material
to fluorite with track overlap. This pathway (amorphous-to-fluorite) was incorporated into the
model by Tracy et al., but assumed that this cross section was the same size as the pyrochlore-tofluorite cross section; the pyrochlore-to-amorphous and fluorite-to-amorphous cross sections were
also assumed to be the same size. The generalized, combined model proposed here utilizes four
transformation pathways to reproduce the initial single-track fluence regime behavior as well as the
high-fluence saturation regime. The success of this model in describing the irradiation-induced
structural behavior indicates that both the track-overlap fluorite-to-amorphous pathway proposed
by Sattonnay et al. and the epitaxial recrystallization amorphous-to-fluorite pathway proposed by
Tracy et al. are necessary. To reproduce the data across all fluence regimes, however, required a
significantly smaller pyrochlore-to-fluorite cross section than pyrochlore-to-fluorite cross section.
Important to note is the failure of all models to account for the remnant pyrochlore phase at high
fluences due to the lack of pathways to a modified pyrochlore phase. This was left out of the
combined model for the sake of simplicity. It is clear that a pyrochlore-to-modified pyrochlore
pathway would be physically correct, but it is undetermined whether the fluorite or amorphous
phases would recrystallize to modified pyrochlore. The the amorphous fraction appears to be
converging at a value lower than unity which is expected for σ D A < σ AD [133].

5.6

Conclusions

The response of Er2 Sn2 O7 pyrochlore to 2.2 GeV Au ion irradiation was systematically investigated
with transmission electron microscopy (TEM), synchrotron x-ray diffraction (XRD), spallation
neutron diffraction (ND), and neutron pair distribution function analysis (nPDF). Due to the
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ability of each technique to probe different characteristics of the irradiation response, we could
quantitatively extract information about modified cross-sectional areas, track diameters, and
transformed phase fractions. Electron micrographs were utilized to directly study and measure
individual ion tracks.

HRTEM images confirm a track morphology containing amorphous,

disordered fluorite, and modified pyrochlore components which agrees with XRD data. The neutron
total scattering functions were deconvoluted to estimate the amorphous fraction of the material at
each fluence. Fourier analysis of the reciprocal-space data (neutron pair distribution function
analysis) allowed for separation of the ion-induced crystalline phases from one another. Three
crystalline phases were present in all irradiated samples (disordered, defect fluorite, unmodified
pyrochlore, and modified pyrochlore) with the local ordering in the amorphous, disordered fluorite,
and modified pyrochlore phases being weberite-type (C2221 ).

Four separate phase-to-phase

transformation pathways were shown to be an accurate model for the fluence-dependent phase
evolution. From this model, the extracted track sizes indirectly probed by neutron pair distribution
function analysis in the local- and intermediate- regions largely agree with the diameters estimated
from direct observation of BFTEM and HRTEM images. These results extend knowledge about
ion-matter interactions in the electronic energy loss regime.
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Chapter 6

Thermodynamic and Structural Evolution
of Dy2Ti2O7 Pyrochlore after Swift Heavy
Ion Irradiation

122

This chapter is reproduced in part with permission from Chung, C. K.; Shamblin, J.; O’Quinn, E.
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6.1

Abstract

Utilizing a combined approach of high temperature calorimetry and neutron total scattering, we
obtained critical insights into the energetics and annealing of radiation damage in swift heavy
ion irradiated Dy2 Ti2 O7 pyrochlore. Oxide melt solution calorimetry reveals that the radiation
amorphized Dy2 Ti2 O7 is destabilized by 243 kJ/mol compared to fully ordered, crystalline
pyrochlore. Differential scanning calorimetry of the amorphized sample shows a rapid exothermic
event starting at 1063 K, which, based on neutron structural analysis, is related to recrystallization.
The heat release on annealing to 1473 K, -137 kJ/mol, is only about half of the total energetic
difference between the ordered crystalline and amorphized samples, despite the apparent recovery
of long-range pyrochlore-like ordering. Detailed neutron structural analysis confirms the persistence
of residual damage in the 1473 K annealed sample. This metastability is attributed to local disorder
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in the form of weberite-like short-range domains in the recrystallized material. The annealing of
radiation damage appears to be a complex, multistep process with decoupled short- and long-range
damage recovery. Heating well above the initial recrystallization temperature does not erase all the
damage, which may have important implications for the use of pyrochlores as nuclear waste forms.

6.2

Introduction

The performance of materials under intense radiation is of concern for current and advanced nuclear
reactor systems, including waste management. There has been substantial effort in understanding
radiation effects in a wide range of nuclear materials from fuels and structural components to waste
forms [150, 151, 152, 153, 154, 155, 51]. Neutron and ion beam irradiation experiments have been
applied to mimic extreme radiation environments and gain insight into underlying defect processes
which lead to degradation [150, 151, 153]. Heavy ion irradiation in the keV to MeV range is
often used to simulate damage cascades induced by energetic neutrons within reactor materials or
alpha decay effects in nuclear waste. Such ion beam experiments allow one to precisely adjust
experimental conditions (e.g., ion fluence and irradiation temperature) and to reach very high
doses in relatively short time. A major drawback in the use of such ion beams, however, is small
penetration depth, leading to very small and inhomogeneous irradiated samples.
With the advent of large ion accelerator facilities, swift heavy ions with very high kinetic
energies (GeV) have become available. Such energetic projectiles transfer their kinetic energy to
the electrons of the target material through intense excitation and ionization, inducing cascades of
secondary high energy electrons, spreading rapidly away from the ion trajectory [156]. Through
electron - phonon coupling, the excited electrons transfer their energy to the target atoms within
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picoseconds, modifying the atomic structure of the solid [156]. While such ion-matter interactions
are significantly different for ions of low kinetic energy in the keV-MeV range, it has been previously
demonstrated that the relative post irradiation state of many insulators is qualitatively very similar
for both types of irradiation. For example, the structural modifications observed within single swift
heavy ion tracks in different A2 B2 O7 pyrochlore compositions [157] agree well with the results
from low-energy ion irradiations and the predicted behavior from self-irradiation of Pu-doped
compounds [25].
A major advantage of swift heavy ions is their large penetration depth (100 µm or more), which
allows homogeneous irradiation of relatively large sample volumes. Many bulk characterization
techniques then become accessible to analyse the damage structure and properties of such samples
weighing up to several hundred mg. Recently, neutron total scattering with pair distribution function
(PDF) analysis has been applied to study the short-range structure of swift heavy ion irradiated
pyrochlore oxides [41], which have a wide range of applications, including host materials for nuclear
waste containment [151, 158].
Pyrochlores (idealized general formula: A2 B2 O7 , where often A is trivalent and B is tetravalent)
exhibit a cubic unit cell (Fd-3m), which can be considered a 2×2×2 superstructure of the fluorite
unit cell (Fm-3m), with the A- and B-site cations in pyrochlore being 8- and 6-fold coordinated by
oxygen anions, respectively [159]. Deviations from the simple fluorite structure (general formula
AO2 ) include the presence of two distinct cation species arranged in an ordered manner over the
cation sublattice and replacement of one eighth of the oxygen anions by vacancies for charge
balance [159]. Many pyrochlores undergo an order-disorder transformation at high temperature
or under ion irradiation, where the pyrochlore superstructure is lost, leaving long-range fluoritetype disorder [151, 152, 160, 161]. Despite transforming to the disordered structure over larger
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length scales, the cations and oxygen anions maintain a certain short-range order at the atomic
level [41], described as a weberite structure (Ccmm), which is another fluorite structure derivative
with different cation and anion arrangements, bearing a higher degree of order than defect fluorite
[162] but more disorder than pyrochlore [41]. Interestingly, the same local weberite structure
has also been found in a radiation amorphized pyrochlore, Dy2 Sn2 O7 [78], which has entirely
lost its long-range periodicity. The specific structural response of a pyrochlore under irradiation,
with competing disordering and amorphization, generally depends on the cation radius ratio, r A/r B
[51, 163].
Oxide melt solution calorimetry [97] directly measures the total energetic difference between
different structural states (e.g., undamaged, damaged, damaged + annealed) by completely
dissolving each sample to form an identical dilute solution of the constituents in an oxide melt. It is
a versatile technique for studying order - disorder transformations in pyrochlores [164, 165, 166].
Differential scanning calorimetry (DSC) captures the heat absorbed or released during thermal
annealing when heating at a constant rate (generally in the range of 1-20 K/min), and provides
kinetic as well as thermodynamic information [167, 168]. Thus the two methods are complementary,
providing somewhat different data.
Solution calorimetric studies of the formation enthalpies of several ordered, undamaged titanate
pyrochlores confirm a strong correlation between the radius ratio (r A/r B ) and amorphization
resistance under low energy ion irradiation [152, 164, 165]. However, certain compositions exhibit
behavior not fully following the general r A/r B criteria [78, 169, 170].
Previously, ball milling produced a disordered Dy2 Ti2 O7 fluorite structure and calorimetry
measured the energetic difference between it and the ordered pyrochlore as well as the energetics
of thermal annealing [165]. Naturally irradiated pyrochlores of various compositions were studied
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by DSC, revealing temperatures of ordering and possible annealing mechanisms [167], yet the
energetic differences between the damaged and undamaged materials were not determined. In view
of the somewhat fragmentary thermochemical data, a more systematic thermodynamic study of
the disordering and amorphization energetics in structurally well characterized samples is highly
desirable.
This paper describes the first experimental study to characterize radiation damage and annealing
behavior in terms of the underlying local defect structure and energetics, determined on the
same irradiated Dy2 Ti2 O7 pyrochlore. Key to this approach is the use of very high energy
ions (2.2 GeV Au) with a high penetration depth to produce sufficient irradiated sample (∼100
mg) for advanced characterization, combining neutron total scattering (non-destructive) and high
temperature calorimetry (destructive). We find a large energetic difference between the amorphized
and unirradiated samples and demonstrate that damage recovery and recrystallization are much more
complex than previously thought.

6.3

Experimental Methods

Polycrystalline Dy2 Ti2 O7 pyrochlore was prepared by solid state reaction. Stoichiometric Dy2 O3
and TiO2 (99.99%, Alfa Aesar) were thoroughly mixed under acetone. The sample was cold pressed
into pellets which were heated at 1473 K for 20 h and subsequently reground, pressed, and heated
at 1673 K for 20 h to produce the ordered pyrochlore. Ion irradiations were performed at the X0
beamline of the GSI Helmholtz Center for Heavy Ion Research in Darmstadt, Germany using 2.2
GeV Au ions at room temperature. The polycrystalline powder was pressed into milled cylindrical
indentations (diameter: 10 mm, depth: 75 µm) in custom-made aluminum sample holders and
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4 holders were irradiated simultaneously with a beam spot size of 5 cm × 5 cm. The electronic
energy loss per unit path length (dE/dx) was determined using the SRIM code [83], assuming a
theoretical density of 6.87 g/cm3 . To ensure that the ions deposited a nearly constant dE/dx along
their penetration path, the mass of sample to be pressed into a single holder was limited such that
the ions fully penetrated the entire sample thickness. The mean electronic energy loss across each
sample was 43 ± 3 keV/nm. More details on the preparation of samples can be found in detail
elsewhere [78, 82]. The fluence was 8×1012 ions/cm2 with a flux of approximately 109 ions/cm2 ·sec
to minimize sample heating. All sample pellets were removed after irradiation and ground into fine
powder. Details concerning neutron total scattering experiments can be found in in Section 2.3.2.
Laboratory X-ray power diffraction (XRD) was performed on a Bruker D8 Advance
diffractometer. The diffraction data were acquired from 2θ = 15-100◦ , the step size was 0.01◦ .
A 0.55 s collection time for each step was used. The intensities of the diffraction patterns were
normalized with respect to the strongest peak to compare the relative intensity and the shape of the
peaks for the patterns of the various samples.
High temperature differential scanning calorimetry (DSC) was performed on a Setaram LabSYS
instrument and Ar gas with 20 ml/min flow rate to provide an inert atmosphere within the DSC
furnace. The sensitivity calibration of the instrument was conducted on the basis of an alumina
(corundum) heat capacity curve. Several empty crucible runs with the same experiential conditions
were performed before the sample runs to ensure reproducibility of the baselines. Approximately
10 mg of the irradiated Dy2 Ti2 O7 sample was loaded in a Pt crucible for the measurement. The
sample was heated to 1473 K at 10 K/min, followed by isothermal holding at 1473 K for 5 min
and subsequent cooling to room temperature at 20 K/min. A second DSC run under the same
conditions was conducted without disturbing the furnace to maintain the geometry of the sample.
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No appreciable heat release was found in the second run, the profile obtained from the second run
was then used for baseline correction [165]. Quantitative evaluation of the heat effect observed
during heating was performed by CALISTO software [165]. The samples after DSC were collected
for high temperature oxide melt solution calorimetry. Larger amounts of the irradiated samples
(approximately 70 mg) were heated to 873, 1173, and 1473 K with the same conditions in the DSC
furnace for neutron characterization. To investigate the energetics and structure of the sample just
after heating to 1473 K, a portion was cooled in the furnace without performing the isothermal
holding and second run to prevent any possible further annealing.
High temperature oxide melt solution calorimetry was conducted with a custom-built TianCalvet twin calorimeter at 1073 K [97]. The experimental arrangement and procedures have been
described in detail earlier [97, 164, 165]. In brief, approximately 5 mg of sample was pressed into
a pellet to drop from room temperature into 20 g of molten sodium molybdate (3Na2 O·4MoO3 )
solvent within a Pt crucible in the calorimeter. Oxygen was bubbled through the solvent and
flushed through the gas space above it to enhance dissolution and maintain an oxidizing atmosphere
[97, 165]. The difference in drop solution enthalpy between undamaged and damaged sample
(or undamaged and annealed damaged sample) directly gives the enthalpy of damage (or residual
damage) at room temperature.
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6.4
6.4.1

Results
Structural characterization

Laboratory powder XRD (patterns not shown) revealed that irradiated sample is mostly amorphized
based on the pronounced diffuse scattering, while the remaining Bragg peak intensities reveal that
there are still some crystalline pyrochlore regions in the damaged sample. The XRD pattern
of the irradiated sample after one DSC run to 1473 K is nearly indistinguishable from that of
the unirradiated sample, and no noticeable peak broadening is detected, indicating that the grain
size of both samples is comparable and suggesting that difference in grain size do not contribute
significantly to the energetics. The results indicate that the amorphized sample restores long range
pyrochlore-like cation order after DSC heating to 1473 K; however, conventional laboratory powder
XRD is unable to provide insights into the short-range structure and anion disorder. One may well
have concluded that the sample annealed to 1473 K is fully recovered to the pyrochlore structure
based only on XRD data.
All Bragg peaks in the neutron total scattering structure function (S(Q) - 1) of the unirradiated
sample can be indexed using the isometric pyrochlore structure (Fig. 6.1). There are, however,
two diffuse peaks that evidence minor impurities (<2-3%) of orthorhombic Dy2 TiO5 , which will
have negligible effect on the measured energetics. The intensities of individual pyrochlore Bragg
peaks decrease significantly after irradiation and very broad diffuse scattering becomes apparent
(Fig. 6.1). This behavior confirms a crystalline-to-amorphous transformation, analogous to that
previously observed by neutron scattering in irradiated Dy2 Sn2 O7 pyrochlore [78].
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Figure 6.1: Total scattering structure functions, S(Q)-1, of Dy2 Ti2 O7 before (black curve) and after
(red curve) irradiation. The green dashed curves denote the 2 O4 baselineâĂİ of the unirradiated
sample which has been offset to emphasize diffuse scattering in the irradiated sample. Asterisks
indicate Dy2 TiO5 .
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The irradiated Dy2 Ti2 O7 is highly but not fully amorphized. It is possible that the applied fluence
was not sufficiently large for complete track overlap. The amount of residual long-range ordered
material is on the order of 10-15% based on quantitative analysis of the neutron total scattering
functions and will not be considered further. While analysis in reciprocal space, i.e., S(Q)-1,
evidences amorphization, it is difficult to obtain further structural insight into the amorphous phase
other than the absence of long-range structure. The pair distribution function, G(r), provides direct
real space information on the local atomic configuration of the amorphous phase.
(Fig. 6.2) shows the short-range structure of the unirradiated and irradiated samples within
a small r-value range: 1.5 to 5 Å. The linear background was subtracted from G(r) to obtain an
effective radial distribution function, R(r) with a baseline centered at “zero”.
The nearest neighbor bonds confirm pronounced changes in the local structure after ion
irradiation. The intensity of the Ti-O peak (negative correlation at ∼2 Å in cyan) decreases after
irradiation indicating the local TiO6 octahedra have been altered significantly. The intensity of the
second Dy-O correlation (at ∼2.5 Å in blue corresponding to Dy-O48f ) decreases significantly,
accompanied by the growth of a new, prominent peak between the first and second Dy-O
correlations (corresponding to 8b and 48f oxygen positions, respectively). The prominent OO correlation centered at ∼3 Å in the pristine sample broadens after irradiation and shifts to lower
r values. These local modifications are consistent with the formation of a short-range weberitetype structural arrangement (∼90% of the local structure according to the small box refinement),
in accord with previously reported neutron scattering data for disordered [41] and amorphized
[78] pyrochlores with different compositions.

The existence of local atomic order within

radiation-amorphized pyrochlores was independently confirmed by a number of complementary
characterization techniques.

Sattonnay et al., for example, demonstrated by extended X-ray
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Figure 6.2: Radial distribution functions, R(r), of pristine (black curve) and irradiated (red curve)
Dy2 Ti2 O7 . Colored vertical bars denote atom - atom correlations in the unirradiated sample.
The correlation positions were obtained through small box refinement of G(r) for the unirradiated
sample. The height of the bars is weighted to reflect the coordination of the corresponding atom
pairs and the scattering length of each atomic species.
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absorption fine structure (EXAFS) spectroscopy that remaining local order persists in amorphous
Y2 Ti2 O7 pyrochlore (irradiated with 74 MeV Kr ions) and may play a critical role on the structural
stability and long-range behavior under ion irradiation [171]. Raman spectroscopic investigations by
Tracy et al. revealed also that the local atomic arrangement within amorphous stannate pyrochlores
(A2 Sn2 O7 ) may not be fully random, as previously thought, but may instead exhibit some degree
of local ordering [133]. This was confirmed by electron energy loss spectroscopy (EELS) on
amorphous Gd2 Ti2 O7 pyrochlore by Sachan et al. [172]. It is interesting to note that both Raman
and EELS investigations were performed on pyrochlore samples which were irradiated under
identical conditions compared to the present study (2.2 GeV Au ions). While all these techniques
support the existence of local order within fully amorphous pyrochlore oxides, the present neutron
PDF results provide an in-depth structural description of the local atomic configuration which is
best modeled by a weberite-type structure.
Annealing irradiated Dy2 Ti2 O7 to 873 K results in no appreciable change in the S(Q)-1 data,
representative of the long-range structure (Fig. 6.3a). Low-r peaks in the corresponding PDF,
however, show pronounced sharpening (Fig. 6.3b). There is no evidence of reversion to pyrochlorelike ordering (i.e., peak positions do not change) and the reduction in peak width instead likely
results from a release of local strain. Further annealing to 1173 K leads to a significant decrease
in the diffuse scattering concomitant with an increase of Bragg peak intensities (Fig. 6.3a). This
is consistent with a thermally induced recrystallization of the amorphous regions, but Bragg peak
intensities differ from those of the unirradiated sample, suggesting only partial recovery to the fully
ordered long-range pyrochlore structure. This recrystallization process is consistently observed
at the short-range structural scale as the corresponding PDFs show an increase in peaks related
to the pyrochlore phase (Fig. 6.3b). As seen for the long-range structure, the pyrochlore peak
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Figure 6.3: (a) Stacked total scattering structure functions, S(Q)-1 of the pristine sample (black
curve), after irradiation (red curve), after irradiation and annealed to 873 K, (blue curve), 1173
K (magenta curve), and 1473 K (green curve). The dashed lines denote the “baseline” of the
unirradiated sample. (b) Corresponding pair distribution functions plotted with the same color
coding.

intensities do not reach the level of the unirradiated sample, indicating the persistence of local
disorder. After annealing to 1473 K, the long-range structure is fully recovered since the S(Q) 1 data have intensities nearly identical to those of the unirradiated sample (Fig. 6.3a). However,
the appreciable difference in the short-range structures of the annealed irradiated and unirradiated
samples is still apparent in the corresponding PDFs (Fig. 6.3b), demonstrating that the local atomic
arrangement has not fully recovered to that of the unirradiated state.
PDF data with much larger r range (up to 50 Å), shown in Fig. 6.4, further highlight the
structural evolution of Dy2 Ti2 O7 over different length scales after irradiation and annealing to
different temperatures. While annealing to 1173 K shows partial short- and intermediate-range
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Figure 6.4: Structural evolution up to r = 50 Å of unirradiated (bottom) and irradiated Dy2 Ti2 O7
after annealing to different temperatures: Region 1 is representative of the short-range structure,
region 2 is representative of the shorter intermediate-range structure, and region 3 is representative
of the longer intermediate-range structure. The dashed lines are to guide the eyes and highlight the
evolution of peak intensities.
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Figure 6.5: Differential heat release profile as a function of temperature (time) of the irradiated,
amorphized Dy2 Ti2 O7 pyrochlore. The DSC curve shows a sharp exothermic peak (indicated by
the arrow) centered at 850 ◦ C (1123 K), followed by a broad and continuous exothermic heat event.

recovery of the pyrochlore phase, there are remaining discrepancies with respect to the pristine
sample. The peak intensities in the intermediate-range structure region are lower, indicating that
the initial level of structural coherency is still unrecovered. During annealing from 1173 to 1473 K,
continuous local reordering and further annealing of the intermediate-range structure are evidenced
by the shift in the pair correlations at low-r and the increase in peak intensities throughout the r
range, respectively. Even after heating to 1473 K, recovery to the pristine local pair distributions is
still incomplete.

6.4.2

Differential scanning calorimetry (DSC)

Fig. 6.5 shows the DSC profile of the irradiated Dy2 Ti2 O7 sample during heating. No endothermic
events and no weight loss were detected in the lower temperature region before the major heat
release event near 800 ◦ C (1073 K). This is consistent with the absence of a measurable amount
of adsorbed water. A sharp exothermic heat effect starts at 790 ◦ C (1063 K) and is complete
between 1123 and 1173 K, which is followed by a broader exothermic heat signal continuing to the
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Table 6.1: Enthalpies of drop solution (∆Hds ) of Dy2 Ti2 O7 in 3Na2 O·4MoO3 at 1073 K with two
standard errors.

Unirradiated
Dy2 Ti2 O7

Mass of pellet (mg)
5.39
4.33
5.69
5.92
7.57
5.81
8.16
5.67

∆Hds
unirradiated =
129.82 ± 1.31 kJ/mol
Difference in drop solution enthalpy = 243.3 ± 4.8 (kJ/mol)
Irradiated
2.62
after two
DSC runs
∆Hds
irradiated,2DSCruns =
25.74 kJ/mol
∆Hds
irradiated,averagevalueafterDSC
= 28.69 ± 11.48 (kJ/mol)
Ball Milled, ∆Hds
ballmilled =
24.32 ± 3.27 kJ/mol [21]

∆Hds (kJ/mol)
125.52
130.03
130.42
130.85
130.93
129.08
130.88
130.83

Irradiated
Dy2 Ti2 O7

Mass of pellet (mg) ∆Hds (kJ/mol)
5.23
-112.85
5.09
-122.46
5.19
-117.55
4.2
-110.80
5.77
-107.45
5.74
-109.52

∆Hds
irradiated =
-113.44 ± 4.57 kJ/mol
25.74

Irradiated
after one
DSC run
∆Hds
irradiated,1DSCruns =
31.64 ± 11.48 kJ/mol

3.83
2.51
1.71

37.32
37.43
20.16

maximum DSC temperature, 1473 K. The total energy release during heating to 1473 K is -137.3
kJ/mol. DSC peak deconvolution by curve fitting with asymmetric Gaussian functions indicates
that the first sharp peak contributes approximately 1/3 of the total heat release measured for the
annealing to 1473 K.

6.4.3

Oxide melt solution calorimetry

High temperature oxide melt solution calorimetry was performed to probe the total energetic
differences among the irradiated, unirradiated, and annealed (irradiated) Dy2 Ti2 O7 samples through
direct comparison of the measured drop solution enthalpies (Table 6.1).
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6.5

Discussion

The large energetic difference between the measured enthalpies of drop solution of the unirradiated
ordered pyrochlore (129.82 ± 1.31 kJ/mol) and the irradiated amorphized sample (-113.44 ± 4.57
kJ/mol) reveals a substantial destabilization of 243.3 kJ/mol associated with amorphization. The
average drop solution enthalpy of the irradiated samples after one and two DSC annealing runs to
1473 K is 28.69 ± 11.48 kJ/mol. The rather large error associated with this value is a result of the
small amount of annealed samples available for solution calorimetry. The drop solution enthalpy of
the irradiated sample after DSC heating is predicted to be 23.9 kJ/mol, obtained by subtracting the
total heat effect during DSC heating (-137.32 kJ/mol) from the average drop solution enthalpy of the
amorphized sample (-113.44 kJ/mol). This value is in good agreement with the average measured
enthalpy of drop solution. Comparing the drop solution enthalpy of the annealed irradiated sample
with that of the unirradiated Dy2 Ti2 O7 strongly suggests that heating to 1473 K does not erase all
of the defects and disorder induced by the swift heavy ion irradiation, in accord with the neutron
data.
From the solution calorimetric data we calculate the following enthalpies:

disordered pyrochlore [165] → ordered pyrochlore, ∆H1 = -105.5 ± 3.5 kJ/mol
amorphized pyrochlore → disordered pyrochlore [165], ∆H2 = -137.8 ± 5.6 kJ/mol
amorphized pyrochlore → ordered pyrochlore, ∆H3 = -243.3 ± 4.8 kJ/mol
Because the disordered but crystalline sample was prepared by ball milling [165], it may not
be the same in detailed structure and energetics as a crystalline disordered sample prepared by
irradiation, but, at present, we do not have access to such an irradiated crystalline material, so we
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use the ball milled material as indicative of the overall energetics of such an intermediate state.
The enthalpy difference between the ordered crystalline and the amorphized samples is nearly
twice that between the ordered and the ball milled disordered samples. Thus about twice as much
energy is required to amorphize the pyrochlore than to disorder it. Since both the disordered and
the amorphous samples have local atomic arrangements described as weberite-like [41, 78], this
energy difference can be attributed to the intermediate-to long-range structure, which is destroyed
by amorphization. The enthalpy of the 1473 K annealed sample remains less favorable than that of
the fully ordered pyrochlore, confirming the incomplete recovery of radiation damage. This finding
is strongly supported by neutron analysis as discussed above. Indeed this sample lies about midway
in energy between the fully ordered pyrochlore and amorphized sample.
The DSC study provides further insights. The first sharp and prominent heat event, starting
near 1063 and completing at 1123-1173 K (Fig. 6.5), can be attributed to recrystallization of
the amorphous matrix. This recovery of long-range periodicity is confirmed by neutron total
scattering (Fig. 6.3a) and agrees very well with data for different pyrochlore in the literature.
For example, Weber et al.

reported a sharp recovery/recrystallization stage in amorphous

Gd2 Ti2 O7 , damaged through self-irradiation from Cm-doping, between 973 and 1123 K as
evidenced by XRD experiments [113].

Sattonnay et al.

and Park et al.

demonstrated by

XRD and TEM that recrystallization of amorphized Gd2 Ti2 O7 pyrochlore after swift heavy ion
irradiation leads to the recovery of the initial pyrochlore structure between 1023 and 1123 K
[57, 114]. While the recrystallization temperature of the present Dy2 Ti2 O7 pyrochlore is in general
agreement with available data on Gd2 Ti2 O7 , changes in the pyrochlore composition (e.g., Nd2 Zr2 O7
[173]) or starting structure (e.g., monoclinic La2 Ti2 O7 [114]) will both influence the long-range
crystallization behavior.
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Together, calorimetry and neutron data demonstrate that annealing to 1173 K is not sufficient to
restore full long-range, ordered periodicity in Dy2 Ti2 O7 (Fig. 6.3, Fig. 6.4). Indeed the short-range
structure remains significantly disordered after annealing to 1173 K with extensive weberite-like
domains despite the sharp crystallization event.
Neutron diffraction data for the 1473 K annealed sample reveal that the long-range structure is
fully recovered to a pyrochlore-like arrangement in agreement with the XRD results. In addition,
the XRD pattern of a high energy ball milled Dy2 Ti2 O7 after annealing at 1473 K for 12 h [165]
is nearly identical to that of the irradiated sample after DSC heating. Thus, regardless of the
differences in the degree of initial damage and the means with which it was produced (irradiation
induced amorphization or ball milled disorder), the long range, ordered periodicity is able to recover
after annealing to 1473 K. A previous study applied DSC to measure the energy release of a Cmdoped Gd2 Ti2 O7 pyrochlore and a CaZrTi2 O7 zirconolite amorphized by self-irradiation [113].
The temperature was limited in this study and only the zirconolite samples were heated across the
recrystallization event. Two exothermic peaks were observed for CaZrTi2 O7 which were associated
with (i) possible gas release or minor restructuring within the amorphous phase (773-803 K; energy
released 4.4 kJ/mol) and (ii) recrystallization of the long-range structure (953-973 K; energy release
38.6 kJ/mol). The energy release associated with the recrystallization of the monoclinic CaZrTi2 O7
is similar to the value observed for the sharp recrystallization event for Dy2 Ti2 O7 in the present
study (45.8 kJ/mol) despite differences in starting structure (cubic vs. monoclinic) and damage
mechanism (ion beam vs. self-irradiation from alpha decays). An initial broad and very small
exothermic event observed for both Gd2 Ti2 O7 and CaZrTi2 O7 at ∼700 K [113] was not detected
in the present calorimetry data. Since ion-beam irradiation was used, no gas release is expected
for Dy2 Ti2 O7 to occur which might explain the absence of this small event. However, our neutron
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PDF data does indicate a possible rearrangement within the amorphous phase prior to annealing
(Fig. 6.3b) which would qualitatively agree with the first exothermic event observed by Weber et
al. [113]. Due to the very limited amount of sample material prepared by ion irradiation, these
subtle changes having very small heat effects can probably not be identified by our calorimetric
experiments.
Although the long range structure is reestablished and neutron PDF analysis shows that the local
structure of the annealed sample is much more pyrochlore-like at 1473 K, the local structure is still
not fully recovered. Both DSC and neutron studies suggest recrystallization occurs predominately in
the lower temperature window, while local reordering is dominant in the higher temperature region.
Thus, the intricate thermal recovery of the ion beam amorphized pyrochlore can be described by a
decoupled, two-step process: (i) restoration of long-range periodicity rapidly occurring in a narrow
temperature range (1063-1173 K) and (ii) gradual weberite-like-to-pyrochlore-like local reordering
progressing slowly over a wide higher temperature regime (1173-1473 K). A similar decoupling of
short-range and long-range ordering/annealing was also observed in a Ni-30Cr-10Fe alloy [174],
although in that case short-range ordering appeared to proceed faster than long-range ordering.
Thus decoupling of local and long-range structural processes may be a general phenomenon.
One of the most important findings of the present work is that heating well above the apparent
critical recrystallization temperature, at which the long-range structure seen by laboratory XRD is
indistinguishable from the undamaged state, does not fully erase all radiation effects. Neutron PDF
analysis demonstrates that a significant extent of short-range weberite-like ordering persists to 1473
K. Due to the subtle differences in the PDFs of pyrochlore-like and weberite-like configurations,
it is not straightforward to obtain an accurate fraction of each structure. The persistence of local
disorder after annealing is in excellent agreement with the calorimetric results which demonstrate
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that only about half of the total damage enthalpy is recovered after heating to 1473 K. Whether this
remaining destabilization energy can be entirely attributed to the local weberite-like domains, or
if other effects, such as interfacial energy between pyrochlore-like and weberite-like arrangements,
local strain, or minor difference in grain size also contribute cannot be answered at present. It is
worth noting that a comparable ratio of the enthalpy from DSC to that from solution calorimetry
is also observed from the high energy ball milled disordered Dy2 Ti2 O7 pyrochlore sample [165].
Moreover, incomplete damage recovery during heating well above the recrystallization temperature
was also observed by high-temperature broadband dielectric spectroscopy on heating a swift heavy
ion irradiated Gd2 Ti2 O7 pyrochlore to 1473 K (not shown here). Thus, the incomplete damage
recovery of irradiated and annealed samples appears to be a common behavior, controlled by
both thermodynamic and kinetic factors. It should be noted that the Dy2 Ti2 O7 sample of the
present study was not fully amorphized due to incomplete track overlap associated with irradiations
using a very large defocused beam. According to the neutron scattering results, more than 90%
of the sample was amorphized by the swift heavy ion beam irradiation. The remnant crystalline
domains may have some influence on the annealing kinetics of the sample during heating. However,
since the onset of long-range recrystallization is in good agreement with results for other titanate
pyrochlores [113, 57, 114], this remaining minor crystallinity may have only limited effect on the
damage recovery. If at all, one would expect enhanced recrystallization as the crystalline domains
within the amorphous matrix may act as nucleation sites or nuclei for the growth of the pyrochlore
structure which could lower the energy barrier governing the kinetics of the transformation. Thus,
our findings of incomplete damage recovery at temperatures well above the recrystallization point,
for which the long-range structure appears to be fully recovered, may be even more obvious in a
fully amorphized pyrochlore sample.
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Our observations strongly indicate that damage annealing at high temperature is much more
complex than previously thought, involving multiple and decoupled recovery processes operating
over different length and time scales. This conclusion has important implications for damage
formation and recovery in nuclear materials. For instance, the critical amorphization temperature,
i.e., the temperature above which a material can no longer be amorphized under ion irradiation
[152], may not be fully representative of the complexity of damage annealing. This is particularly
the case as these critical amorphization temperatures have been determined through electron
diffraction experiments [152] with essentially no information on local (short-range) structural
properties and the oxygen sublattice.

Thus, even if recrystallization is fast above a certain

temperature, the crystalline phase may be far from being fully ordered and recovered. Such
retained disorder and metastability may affect the leaching rate of nuclear waste [151, 158], since
the altered local bonding environment and small domains with reactive boundaries may persist.
The large energetic destabilization associated with disordering and amorphization will dramatically
increase the aqueous solubility of the damaged matrix (typically 1-2 orders of magnitude [151] for
pyrochlores and fluorites). If such disorder persists, the host materials may be compromised in their
long-term performance from both thermodynamic and kinetic viewpoints. Although the data of
the present study cannot be extrapolated to much longer heating times, the findings signal caution
in predicting waste form behavior and radionuclide retention at intermediate temperatures in a
repository [40]. Such previously unexpected retention of structural damage at high temperatures
must be considered in computer simulations which model the performance of waste forms.
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6.6

Conclusions

We determined the energetic differences among the radiation damaged, annealed, and undamaged
Dy2 Ti2 O7 , and the heat release during damage annealing. Combining high temperature calorimetry
and neutron total scattering experiments, this study provides important insight on the thermal
annealing of radiation damage. The damage recovery is shown to be much more complex than
previously thought. It involves multistep processes with decoupled long-range recrystallization and
short-range defect recovery operating at different temperature and time scales. The sample is not
fully recovered, structurally or energetically, even after heating well above the initial recrystallization
temperature. These findings have important implications for the performance of pyrochlores as
nuclear energy materials under extreme environments.
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Chapter 7

Thermodynamic and Structural Evolution
of Mechanically Milled and Swift Heavy Ion
Irradiated Er2Ti2O7 Pyrochlore
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7.1

Abstract

Design and synthesis of thermodynamically metastable yet kinetically achievable materials
possessing various functional and physical properties desired have recently drawn tremendous
scientific-attention. In addition to conventional heat treatments and wet-chemistry approaches,
energy depositions into materials can induce unique nonequilibrium phases with distinct structures,
chemistry, energetics, and properties.

Mechanochemical synthesis and ion beam irradiation

are two processing techniques that provide access to phases and states far from equilibrium.
By a combination of high temperature oxide melt solution calorimetry, differential scanning
calorimetry (DSC), neutron pair distribution function (PDF) analysis, and supplementary powder
X-ray diffraction (XRD), the energetics and multiscale structural evolution on annealing of ball
milled and swift heavy ion irradiated Er2 Ti2 O7 pyrochlore were investigated. Despite very similar
structural modifications of local atomic arrangements and only minor differences in the long range
structure, both types of damage yield significant difference in the energetics of the produced
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material. The energy of destabilization in the milled sample (70.2 ± 8.2 kJ/mol) is much less
endothermic than that in the irradiated sample (457.3 ± 8.0 kJ/mol). The DSC profiles, supported
by neutron scattering, X-ray diffraction, and solution calorimetry, reveal decoupled annealing events
in different temperature ranges, separating crystallization of long range pyrochlore structure from
annealing of short range weberite-like domains.

7.2

Introduction

Pyrochlore oxides (A2 B2 O7 , Fd-3m, Z = 8) adopt a superstructure (2×2×2) of fluorite (AO2 , Fm-3m)
with two kinds of cations (A and B) ordered on 16c and 16d sites, and ordered oxygen vacancies on
8a sites [159, 152, 41, 158]. The pyrochlore structure is generally stabilized with a cation radius ratio
(r A/r B ) of 1.48 to 1.76 [159, 175, 176]. The compositional flexibilities of both A and B site cation
occupancies diversify the chemistry and physical properties of pyrochlores [164, 177, 178], which
enables various technologically important applications, such as mixed ionic/electronic conducting
electrodes and catalysts for oxygen generation in Li air batteries [179, 180]. Moreover, their ability to
incorporate considerable amounts of radionuclides (U, Pu, and fission products) into their structure
[158, 180, 181] make pyrochlores attractive host phases for nuclear waste forms and inert matrix
fuels [158, 180, 181]. Certain chemical compositions possess superior radiation sustainability by
allowing incorporation of structural disorder on both the cation and anion sublattices [152, 164, 165]
without loss of long-range periodicity [152, 164, 165]. In order to assess their reliability as waste
form materials and for other applications, their thermodynamic properties and structural evolution
must be characterized over a range of conditions [165, 161, 166, 151].
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Pyrochlores generally undergo order-disorder transformations upon high energy ion irradiation
[152, 164, 165] or high-temperature thermal treatment [161]. Disordered pyrochlores can also
be synthesized by low temperature routes. For instance, disordered fluorite Eu2 Zr2 O7 phase was
made through a co-precipitation method from a metal polyethylene glycol nitrate solution followed
by heating to 1073 - 1273 K [166]. The disordering process involves the exchange of A and B
cations occupying specific 16c and 16d sites, plus disordering of the oxygen vacancies over the
anion sublattice [152, 164, 165]. While some pyrochlore compositions (e.g., zirconates) disorder
under ion irradiation with long range crystallinity maintained, other compositions (e.g., titanates)
undergo amorphization [152, 164, 151, 51, 74, 78, 74]. Details of these processes have been
studied [152, 164, 151, 51, 74, 78]. Intriguingly, both the amorphized and disordered crystalline
A2 B2 O7 phases possess essentially the same weberite-type local structural arrangement with a
higher degree of order than the fully disordered defect fluorite arrangement, yet less order than
the fully ordered pyrochlore structure [41, 78]. Substantial differences in energetics were revealed
by calorimetry between irradiation-induced amorphous and ordered pyrochlores (Dy2 Sn2 O7 and
Dy2 Ti2 O7 ) [182, 74]. These differences have been attributed to distinct long and short range
structural arrangements [182, 78, 74]. The enthalpy of amorphization of Dy2 Ti2 O7 has been shown
to be considerably higher than that required to disorder the ordered pyrochlore to the disordered
defect fluorite structure [74]. Since the local structural building blocks of the amorphous and
disordered (defect fluorite) phases are identical, the difference in energetics might mainly arise
from the distinct longer range atomic arrangements, i.e., the concentration and stacking behavior
of the local weberite domains [182]. Thermal annealing of the amorphized pyrochlores has been
found to be decoupled on different length scales with long range recrystallization and short range
recovery proceeding in different temperature regimes [182, 74]. Similar ratios of the amorphization
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energy [182, 74]) and the total energy released from thermal annealing up to 1473 K were found in
many amorphized pyrochlores, along with the general decoupled annealing behavior, but the details
(e.g., total energy release and onset temperatures) depend on the specific chemical compositions
[182, 74].
Amorphization and disordering can be induced in many materials by ion beam irradiation
[152, 41, 151, 51, 74, 78, 182] and mechanical ball milling [165, 64, 73]. These have been
utilized to simulate radiation response in nuclear materials [152, 41, 164, 165, 182, 78, 74, 64, 73]
and to synthesize metastable functional materials [183, 184, 172]. Swift heavy ion irradiation
can manipulate the structure of materials at the nanoscale within ion tracks. Mechanochemical
processing (ball milling) disorders (makes highly defective) materials and likely causes grain size
reduction. Characterizing the damage and recovery mechanisms is of interest to predict materials’
behavior under extreme environments, since self-irradiation in nuclear waste form materials will
generate metastable, highly defective structures, which might increase the leaching rates and
cause adverse effects on mechanical integrity and other properties. Detailed characterization will
also provide understanding of how metastability might benefit physical properties for advanced
technological applications [177, 178, 179, 180, 183, 184, 172]. For instance, exploiting focused
ion beams to perform directly written lithography can generate localized material modifications,
which may be a promising route to overcome the current limitations and transcend Moore’s law
for electronics. In contrast to ion irradiation, mechanical milling can provide larger amounts of
damaged materials with tunable degrees of disorder by varying spin velocity, duration of milling,
and thermal treatment [64, 73, 183, 184].
In the present work, the thermodynamic properties and structural characteristics of high energy
ball milled and swift heavy ion irradiated Er2 Ti2 O7 samples, as well as the corresponding samples
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thermally annealed to 1473 K, were studied by differential scanning and high temperature oxide melt
solution calorimetry, pair distribution function (PDF) analysis derived from neutron total scattering
data, and powder X-ray diffraction (XRD) to gain insight into the energetics and structure of the
metastable phases produced by these different processes and the recovery of the damaged structures.
The results are also compared with previous studies on other pyrochlores: Gd2 Ti2 O7 , Dy2 Ti2 O7 ,
and Dy2 Sn2 O7 . While the defect structures of the milled and irradiated samples are rather similar,
the subtle differences result in distinct thermodynamic stability and annealing behavior.

7.3
7.3.1

Experimental Methods
Materials

Milled Er2 Ti2 O7 pyrochlore was prepared by mechanochemical synthesis with a stoichiometric
mixture of high purity (> 99.9 %) Er2 O3 and anatase TiO2 . This mixture was ground with an agate
mortar and pestle. High energy milling was performed at room temperature (with no solvent) using
an yttria partially-stabilized zirconia (5 wt.% Y2 O3 ) jar and grinding balls (20 mm diameter) in a
Retsch PM400 planetary ball mill machine with a rotational speed of 350 rpm. The direction of
rotation was reversed every 15 minutes. The mechanochemical reaction was facilitated by scraping
off the powder mixture sticking on the container wall to homogenize the material once an hour at
ambient conditions. Powder XRD pattern indicated the completion of formation of highly defective
Er2 Ti2 O7 after 19 hours, when traces of the constituent oxides were no longer evident. For neutron
scattering analysis, two portions of the milled sample were heated separately to 1073 K and 1473
K in an electrical furnace (ambient atmosphere) for 12 hours. The ordered Er2 Ti2 O7 sample was
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prepared by traditional solid state synthesis [185] and was used as the undamaged reference sample
and starting material for the ion beam experiment.
Part of the solid state synthesized Er2 Ti2 O7 was dispersed homogeneously and then pressed
into milled cylindrical indentations (diameter: 10 mm, depth: 70 mm) of custom-made aluminum
sample holders [182, 78, 74]. The sample was then irradiated with 2.2 GeV swift heavy Au ion
beam to a fluence of 5×1012 ions/cm2 at the X0 beamline of the GSI Helmholtz Center for Heavy
Ion Research in Darmstadt, Germany. The ion beam fully penetrated the sample and yielded an
electronic energy loss of 44(1) keV/nm with a nearly homogeneous depth-profile across almost
entire thickness of the sample (calculated with the SRIM code [83]). The nuclear energy loss was
at least three orders of magnitude lower than the electronic energy loss and thus was neglected
[182, 78, 74]. The energy loss determination was performed using the theoretical density of
Er2 Ti2 O7 pyrochlore; the actual density of the sample pellet is lower (due to the non-fully packed
sample powder with a powder packing factor < 1), but the calculation is fundamentally grounded
and actually conservative as the energy deposition mainly occurs within the individual packed
powder particles with essentially the theoretical density and not in the voids (with ambient gas
or air). After irradiation, the sample was reground into fine powder for neutron and calorimetric
characterizations.

7.3.2

Powder X-ray Diffraction

Powder XRD experiments on the undamaged reference, ball milled, irradiated, and milled then DSC
annealed (to 1123 and 1473 K) Er2 Ti2 O7 samples were performed using a Bruker D8 Advance
diffractometer. The intermediate temperature, 1123 K (the temperature at which the long range
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recrystallization event completed), was chosen based on the DSC profile. Data were collected from
10 to 100 ◦ 2θ with a step size of 0.01 Âř and a duration of 1.5 - 3 s per step. The intensity functions
in all the XRD patterns were normalized with respect to the strongest intensity among the patterns
for relative Bragg peak intensity, peak shape, and diffused scattering profile comparisons. Rietveld
refinements were performed using MDI Jade 9.0 software to estimate the average grain sizes of the
milled and annealed Er2 Ti2 O7 samples. A Williamson-Hall plot based on the broadening of peaks
(measured by their full width at half maximums, FWHMs) in selected patterns was established to
further analyze the evolution of the stored micro-strain.

7.3.3

Neutron Scattering

Neutron total scattering experiments were performed at the Nanoscale Ordered Materials
Diffractometer (NOMAD) beamline [90] of the Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory (ORNL). Around 50 mg of each sample was measured in a 2 mm diameter
silica glass capillary for 60 minutes. NOMAD’s detectors were calibrated with scattering functions
from diamond and silicon. Measurement of the background was performed with an identical 2
mm empty capillary for the same collection time. After normalization of the intensity of the total
scattering data to that of the incoherent scattering from a vanadium rod, and corrections for neutron
absorption [186], multiple scattering, and any water adsorbed on the sample surface [187, 188], the
total scattering structure function, S(Q), was obtained. Using the StoG program [146], the S(Q)
data were Fourier transformed to the reduced pair distribution function, G(r):
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7.3.4

Differential Scanning Calorimetry (DSC)

DSC was performed on the ball milled Er2 Ti2 O7 sample from room temperature to 1473 K at a
heating rate of 10 K/min, using a Setaram LabSYS instrument under 20 ml/min Ar flow. The
sensitivity calibration of the sensor was conducted based on the heat capacity of corundum [165].
About 10 mg of the ball milled sample was loaded into a Pt crucible placed on the sensor inside
the instrument for measurement. After ramping at 10 K/min, the sample was held at 1473 K for
5 min and subsequently cooled to room temperature. With the same experimental parameters, a
second run was conducted without re-opening the chamber to avoid disturbing the sample/crucible
geometry. There was no appreciable heat effect observed during the second run, thus, the heating
profile of the second DSC run was used for sample baseline correction [165]. The heat effects were
analyzed by CALISTO software [165]. Another portion of the ball milled sample was heated in
DSC to 1123 K where the first sharp high temperature annealing event was complete, based on the
first profile to 1473 K. The samples annealed to 1123 K and 1473 K were then collected for XRD
and solution calorimetric measurements.

7.3.5

High Temperature Drop Solution Calorimetry

A custom built Tian-Calvet twin calorimeter was used for high temperature oxide melt drop solution
calorimetry at 1073 K [97]. The same approach has been used to determine thermodynamic
properties of various material systems [189, 190, 191, 192, 193, 194, 195, 192]. The details
of the experiments have been described previously [164, 165, 97]. Briefly, two Pt crucibles,
each containing 20 g of sodium molybdate solvent (3Na2 O·4MoO3 ), were placed in the silica
glassware inside the calorimeter chambers. The molten solvent was bubbled and the gas space
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above it was flushed by oxygen to enhance sample dissolution and maintain an oxidizing atmosphere
[164, 165, 97]. For each drop, approximately 5 mg of sample powder was pressed into a pellet,
weighed on a microbalance, and then dropped from room temperature into the solvent in the
calorimeter at 1073 K. A weight loss on heating to 1073 K of less than 2% of the milled sample was
detected by both TGA and a balance; similar phenomena in other mechanically milled pyrochlores
have been seen and attributed to removal of the surface adsorbed water [165]. A calorimetric
correction for the water content (by treating it entirely as physically adsorbed water [165]) was
performed along with a thermodynamic cycle to calculate the formation enthalpy of the ball milled
Er2 Ti2 O7 sample. The formation enthalpies of the irradiated and undamaged reference materials
were also calculated. The differences between the drop solution enthalpies of the milled, DSC
annealed, and solid state synthesized samples were obtained to compare with the annealing heat
release measured by DSC.

7.4
7.4.1

Results and Discussion
Structure

Fig. 7.1 presents the XRD patterns of the solid state synthesized (reference), ball milled, and
irradiated Er2 Ti2 O7 samples. The solid state synthesized material has the fully ordered pyrochlore
structure, evident from the corresponding sharp Bragg reflections, including the superstructure
peaks. The pronounced diffuse scattering features, as reflected by broad scattering bands (near
each original Bragg peak position), in the milled Er2 Ti2 O7 pattern (Fig. 7.1) indicate the existence
of highly defective sample regions [41, 182, 78, 74, 73]. The diffraction pattern of the irradiated
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Figure 7.1: XRD patterns of the undamaged/pristine (blue), irradiated (red), and ball milled (green)
Er2 Ti2 O7 samples. Dashed lines denote the baselines to emphasize diffuse scattering in the patterns
of the irradiated and milled samples. There are weak reflections at 37-38◦ from the quartz sample
holder in some patterns which do not overlap with the sample peaks and thus the quality of the
patterns is not affected.

sample seems to be qualitatively very similar to the diffuse scattering profile from highly defective
sample regions [41, 182, 78, 74, 73] yet the background shows a subtle asymmetric hump-like
feature with a maximum at ∼30◦ . Similar diffuse scattering was also seen in other irradiated and
amorphized pyrochlores [182, 78, 74].
Despite very similar diffuse scattering, the Bragg peaks show clear differences between the
irradiated and milled sample. For the milled sample, the Bragg peaks are slightly shifted to lower
angles with respect to the corresponding peaks of the solid state synthesized sample and show a
significant increase in their FWHMs. In addition, the intensities of the pyrochlore superstructure
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reflections are drastically reduced: (331) and (511) or even vanished: (311), compared to the
reference material, indicative of disorder with a defective fluorite type arrangement, including
stored microstrain (0.04, by Williamson-Hall plot analysis, see below). XRD peak analysis shows
that the average grain size is on the order of 10 nm in the milled sample and is much smaller
than that of the reference material (micrometer grain size). On the other hand, in the patterns
of the swift heavy ion damaged pyrochlore sample (Fig. 7.1), the remaining Bragg peaks are
comparable to those of the reference sample with negligible shift and broadening. The intensities
of the Bragg peaks are however significantly lowered, which indicates that there are only small
amounts of crystallinity in the material but the crystalline regions maintain the ordered pyrochlore
structure. This persistent pyrochlore phase probably reflects regions that were not fully covered
by the ion beam. Since amorphization occurs in individual ion tracks, incomplete track overlap
will leave undamaged pyrochlore regions [196]. Irradiating samples for neutron scattering and
calorimetry requires irradiation of large surfaces with a highly defocused ion beam. This can
explain some unirradiated sample regions despite the high ion fluence of 5×1012 ions/cm2 . The
XRD patterns of the sample prepared by solid state reaction (reference) and by milling with thermal
annealing to 1123 and 1473 K are shown in Fig. 7.2. The pattern of the 1473 K annealed sample
is nearly identical to that of the reference sample, revealing that annealing to this temperature
is sufficient to fully restore the fully ordered pyrochlore structure. Heating the milled sample to
the intermediate temperature (1123 K), results in diminished diffuse scattering and higher Bragg
peak intensities (compare Figs. 1 and 2), indicating that long range recrystallization has mostly
occurred. However, compared to the sample annealed at 1473 K and the reference sample, the peak
intensities are still somewhat lower with considerable peak broadening. This suggests incomplete
recovery with remaining lattice strain and reduced grain size at 1123 K. XRD profile analysis of
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Figure 7.2: XRD patterns of the undamaged/pristine (black), ball milled and annealed to 1123 K
(red), and ball milled and annealed to 1473 K (blue) Er2 Ti2 O7 samples. Note that the peak widths
decrease with annealing to a higher temperature. The peaks of the 1473 K annealed sample pattern
are still slightly broader than those of the pattern for the undamaged sample, though the grain sizes
are both in the micrometer range.

the milled sample heated to 1123 K indicates that the average grain size has increased from ∼10
nm to ∼20 nm. The microstrain evolution in the milled and 1123 K annealed samples is further
analyzed by the Williamson-Hall plot (Fig. 7.3). Interestingly, the microstrain increases from 0.04
in the milled sample to 0.06 after thermal annealing to 1123 K. This increase can be explained by
the coexistence of fully ordered pyrochlore domains and highly defective sample regions. Further
annealing gradually relieves the stored microstrain, and the peak broadening is negligible in the
pattern of the 1473 K annealed sample.
The neutron total scattering data (Fig. 7.4) provide further insight into the microstructure. The
total scattering structure function (Fig. 7.4a) of the reference sample is unambiguously indexed
with peaks corresponding to the pyrochlore structure. The irradiated and milled samples both show
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Figure 7.3: Williamson-Hall plot for the XRD patterns of the milled and 1123 K annealed samples.
Both linear fits indicate the peak broadening may be dominated by grain size ( 10 nm for the asmilled sample and 20 nm for the 1123 K annealed sample). The microstrain is increased (0.04 to
0.06) after annealing to 1123 K.

significantly reduced Bragg peak intensities. Pronounced diffuse scattering in a similar profile
across Q-space is also evident. Though both structure functions display striking similarities, there
are a few noticeable differences that agree with the observations from XRD with sharper Bragg
peaks in the irradiated sample and broader peaks in the milled sample.
To probe the source of the diffuse scattering bands in the structure functions, the data were
also analyzed in real space by the pair distribution functions (PDF) (Fig. 7.4b). As expected
for a crystalline material, the peaks in the PDF from the sample prepared by solid state synthesis
maintain strong intensity out to high r-values. These peaks are indicative of pyrochlore-type
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Figure 7.4: Neutron (a) total scattering structure functions and (b) PDFs of the milled (red),
irradiated (blue), and solid state synthesized reference (gray) Er2 Ti2 O7 pyrochlore samples. The
arrows in (b) highlight the pair correlations associated with the pyrochlore polyhedra in a very local
range (1.75 âĂŞ 3.25 ÃĚ) for the sample prepared by solid state synthesis.

ordering: (i) one negative peak at ∼2.0 Å corresponding to the 6 equidistant Ti-O bonds forming
the Ti octahedron, (ii) two peaks (∼2.2 Å and ∼2.4 Å) corresponding to the Er-O8b and Er-O48f
bonds, respectively, which form the Er scalenohedron, and (iii) three peaks that correspond to O48f
-O48f (∼2.6 Å and ∼2.9 Å) and O8f -O48f (∼3.0 Å) interatomic distances. It is evident that the
structural arrangements in the samples prepared by ball milling and the sample irradiated with the
swift heavy ions are considerably different from the reference sample; however, there are striking
similarities in them. In both cases, the peaks corresponding to the Ti-O correlation are broader and
shifted slightly to lower-r, and there are new peaks at ∼2.3 Å and ∼2.7 Å. This particular distribution
of pair correlations has been previously identified as representative of a weberite-type arrangement
Shamblin2016, the main local structural building block for both highly disordered crystalline and
amorphized pyrochlore phases [41, 74, 78]. There is a slight difference between the two PDFs in
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the region between 7.0 and 8.5 Å; the irradiated sample exhibits peaks that directly correspond
to the reference sample (though with reduced intensities) which probably arise solely from the
remnant, undamaged pyrochlore regions as mentioned above. In contrast, the corresponding peaks
of the milled sample in this real space region are all merged together, which indicates high levels
of structural disorder. This result is supported with the XRD patterns also indicating that the
crystalline phase of the milled sample is highly disordered, while the crystalline remnants in the
irradiated sample are mostly similar to that of the pristine reference sample. The PDF peak heights
in the low-r region arise from pair correlations in both the crystalline and amorphous phases, while
peak heights in the higher-r region arise only from the remnant crystalline phase; by taking the
ratios of peak heights in the PDF of the irradiated sample at points in high-r to the first peak height
and normalizing to the same ratios in the PDF of the unirradiated sample, the amorphous fraction
can be estimated to be 81%. This calculation assumes that the ion irradiation does not create an
intermediate disordered phase, which would also contribute to the reduction of peak heights. For
this reason, the same analysis cannot be applied to the milled sample. However, the similarities
of the diffuse scattering profile across Q-space suggest that the amorphous fraction of the milled
sample is similar or somewhat lower than that of the irradiated sample. The low-r regions in the
PDFs of the milled sample and the irradiated sample indicate similar local atomic arrangements,
irrespective of whether the material adopts a largely amorphous or disordered arrangement over
longer length scales, which is in agreement with previous literature [78].
Neutron PDFs were obtained from the milled samples annealed to 1073 and 1473 K (Fig. 7.5).
After annealing to 1073 K, the intensities of the pair correlations at higher-r signify enhancement
of crystallinity, in agreement with the XRD results. The evolution of local structure is shown in the
inset of Fig. 7.5. Annealing from room temperature to 1073 K triggers the Ti-O pair correlation
161

G(r) (Å)

m

Figure 7.5: Neutron PDFs of the ball milled Er2 Ti2 O7 pyrochlore samples at different annealing
stages: milled (black), after thermal annealing to 1073 K (red), and to 1473 K (blue). The inset
highlights a very local range (1.75 âĂŞ 3.25 ÃĚ) with the PDF from the sample prepared by solid
state synthesis (green) shown for reference.

to sharpen and shift to higher-r, the reduction of the peak at 2.3 Å, and the emergence of a peak
at 2.6 Å. These changes indicate that a large fraction of the atomic arrangements have become
pyrochlore-like; however, the persistence of the shoulder (though reduced) at 2.3 Å and the lack of
definitive oxygen-oxygen correlation at 2.9 Å suggest that the sample still contains an appreciable
amount of weberite-like short-range order. The PDF of the sample annealed to 1473 K (purple)
is very similar to that of the solid-state synthesized sample (gray). This implies that the broad
exothermic event following the sharp peak (between ∼1100 and 1400 K) is associated to further
local transformation from weberite-like to pyrochlore arrangements. This agrees with the behavior
of irradiated samples under annealing [74, 182], for which the local weberite-like ordering also
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Figure 7.6: Differential scanning heat flow profile as a function of temperature for the ball milled
Er2 Ti2 O7 sample, in the lower temperature region (500 -750 K). The DSC curve shows a less
pronounced exothermic (with a baseline marked by blue) heat effect occurring from 600 to 700
K. An endothermic dehydration event occurs below 600 K (with a baseline marked by red).

persists beyond the long range structural recrystallization to pyrochlore. There are, however, some
noticeable differences between the sample annealed at 1473 K and the solid state prepared reference
sample; specifically, neither the peak corresponding to Ti-O correlation nor the O-O peak at ∼2.9
Å in the 1473 K annealed sample is as sharp as in the reference sample. Additionally, the large
peak near 2.6 Å which is a convolution of nearest neighbor oxygen-oxygen correlations and the
longer erbium-oxygen correlations, is broader and shifted to higher-r. These differences indicate
that the atomic arrangements in the two samples are similar, but not identical; consistent with
remaining local disorder with atoms still not perfectly occupying ideal pyrochlore lattice positions.
This result is strikingly similar to those observed in irradiated pyrochlores studied previously in
which thermal treatment well beyond the recrystallization temperature (up to ∼1473 K) was not
able to fully recover pyrochlore-type order on a short range scale [74, 182].
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Figure 7.7: Differential scanning heat flow profile as a function of temperature of the ball milled
Er2 Ti2 O7 sample, in the higher temperature region (975 to 1405 K). The DSC curve shows a sharp
exothermic (indicated by the arrow) heat event centered at 1050 K, followed by a broader heat
event beginning at 1148 K and continuing to 1400 K.

7.4.2

Energetics

The DSC profiles in different temperature ranges of the ball milled sample are shown in Fig. 7.6
and 7.7. A 1.70 % weight loss was measured during the DSC heating. An endothermic heat event
(from 513 K to 607 K, see Fig. 7.5) was observed which can be linked with the weight loss, and
reasonably associated with desorption of surface water. Such surface dehydration generally occurs
below 773 K in many materials [165, 197]. Following this endotherm, an exothermic heat effect
from ∼600 to 700 K is evident with a measured heat release of âĹŠ3.8 kJ/mol. This event may be
related to the annealing of the highly defective crystalline phase in the milled sample. A similar
low temperature annealing event has been found in an irradiated Gd2 Zr2 O7 pyrochlore which had
no amorphous phase but complete transformation to the disordered defect fluorite structure after
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irradiation (unpublished data), and was not found in previous ion irradiated amorphous Dy2 Ti2 O7
and Dy2 Sn2 O7 [74, 182]. At higher temperatures (Fig. 7.7), there is a sharp peak near 1000
K (heat release: -14.7 kJ/mol) followed by a broader heat event continuing to ∼1400 K (heat
release of âĹŠ11.1 kJ/mol). This sharp peak can be assigned to crystallization of the amorphous
phase in agreement with the XRD results (Fig. 7.2). The two-step heat event characterized by a
sharp peak followed by a broader peak at higher temperatures is similar to previous DSC results
for other irradiated and amorphized pyrochlore compositions: Dy2 Ti2 O7 [19], Dy2 Sn2 O7 [21],
and Gd2 Ti2 O7 . However, the total energy release is lower for the ball milled Er2 Ti2 O7 sample,
suggesting a lower degree of damage as compared to irradiated samples, which agrees with the
neutron data indicating a lower amorphous phase fraction in the milled sample In addition, the
ratio of the first to the second heat events is somewhat greater in the milled sample (>0.5). The
annealing behavior of the irradiated Er2 Ti2 O7 sample is expected to be similar to that of other
irradiated pyrochlores [74, 182]; however, due to the limited amount of irradiated sample, the DSC
experiment could not be performed since solution calorimetry used all the sample. The energetic
result demonstrates that the annealing process of the defect structure in the milled sample is different
from that in the irradiated sample.
The drop solution enthalpies of the ball milled Er2 Ti2 O7 (as-milled and after DSC annealing to
1123 and 1473 K) and the solid state synthesized (unirradiated) reference sample were measured
(Table 1). The differences in the average drop solution enthalpy of the 1123 and 1473 K annealed
samples from the as-milled samples, i.e., 14.1 ± 2.6 and 25.2 ± 2.6 kJ/mol (without considering one
possibly spurious value of 88.3 kJ/mol for the 1473 K annealed sample), are in agreement with the
heats measured by DSC. Although the annealing behavior of the milled sample is rather complex,
the overall energy release of the milled sample is smaller with increasing annealing temperature,
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which agrees well with the DSC results. Thus the milled material is energetically less destabilized
after thermal annealing than the irradiated sample. Specifically, the drop solution enthalpies of the
annealed samples are still both less endothermic than that of the solid state synthesized material,
confirming the incomplete thermal recovery up to 1473 K, which is supported by the neutron PDF
analysis. For the milled Er2 Ti2 O7 pyrochlore sample, the energy differences from drop solution
calorimetry between any two states (milled, 1123 and 1473 K annealed, solid state synthesized)
and the total annealing heat release (from DSC) of the milled sample are all smaller than those
for swift heavy ion irradiated titanate pyrochlores [74, 182]. This indicates that milled sample is
overall less damaged than the irradiated ones.
Since the ball milled sample contains considerable water, the destabilization energy obtained
by direct comparison of the uncorrected drop solution enthalpies with the reference is not accurate.
Therefore, the enthalpies of formation from constituent oxides were derived for the ball milled
(with correction for the adsorbed water), irradiated, and solid state synthesized undamaged
samples to determine the enthalpies of damage. The formation enthalpy from oxides (∆Hf,ox )
of the water-containing ball milled Er2 Ti2 O7 pyrochlore at room temperature is calculated using a
thermodynamic cycle as follows:
Er2 Ti2 O7 ·nH2 O(solid, 298 K) → Er2 O3(solution, 1073 K) + 2TiO2(solution, 1073 K) + nH2 O(gas, 1073 K) ,
∆H1=∆Hds (Er2 Ti2 O7 ·nH2 O)
H2 O(gas, 1073 K) →H2 O(gas, 298 K) ∆H2= -29.5 kJ/mol [165]
H2 O(gas, 298 K) →H2 O(liquid, 298 K) ∆H3= -44.0 kJ/mol [165]
Er2 O3(solid, 298 K) →Er2 O3(solution, 1073 K) , ∆H4 =∆Hds (Er2 O3 ) = -107.20 ± 1.86 kJ/mol [97]
TiO2(solid,298K ) →TiO2(solution, 1073 K) , ∆H5 =∆Hds (TiO2 ) = 73.70 ± 0.39 kJ/mol [165]
Er2 O3(solid, 298 K) + 2TiO2(solid, 298 K) →Er2 Ti2 O7(solid, 298 K) , ∆H(f,ox)
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∆H(f,ox) =-[∆H1 +n(∆H2+∆H3)]+∆H4+2∆H5 = -2.1 ± 3.3 kJ/mol
Similar thermodynamic cycles without the need for water correction are used to derive the ∆Hf,ox
of the solid state synthesized undamaged reference and the irradiated sample with the drop solution
enthalpies measured at 1073 K (Table 1), namely -72.3 ± 7.5 and 385.0 ± 2.7 kJ/mol, respectively.
The ball milled pyrochlore with a formation enthalpy of -2.1 ± 3.3 kJ/mol is energetically less
favorable (destabilized) than the solid state synthesized undamaged sample by 70.2 ± 8.2 kJ/mol
while the irradiated samples are much more destabilized Er2 Ti2 O7 (457.3 ± 8.0 kJ/mol), Dy2 Sn2 O7
(287.1 ± 3.4 kJ/mol, [182]), Gd2 Ti2 O7 (236.6 ± 4.3 kJ/mol), and Dy2 Ti2 O7 (243.3 ± 4.8 kJ/mol,
[74]). This energetic behavior strongly supports much higher destabilization for the irradiated
samples than for the milled sample.

7.4.3

Relating Structure and Energetics

Details of the underlying defect structures induced by milling and irradiation remain unclear but
the significant difference in thermodynamics is consistent with a higher damage state with a higher
degree of amorphization. Both neutron scattering and XRD show that the milled sample retains
some crystallinity with highly defective pyrochlore and disordered defect fluorite phases and some
local pyrochlore-like arrangements. It remains an open question whether modifications in the
milling process can increase the damage level and amorphous phase fraction. In the case of
irradiation, complete amorphization can be achieved if both energy loss and fluence are sufficiently
high. The difference in accessible damage states through milling and ion irradiation suggests that
the observed energetic behavior cannot be explained only by variations in the crystalline/amorphous
ratio alone, but the nature of the defect structure varies between the two processing techniques.
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For example, defect fluorite like sample regions mainly occur in nanometer-sized shells around
amorphous ion tracks, and are probably below the detection limit of XRD or neutron scattering;
while the milled sample shows clear signs of a defect fluorite structure. One major difference in
the processing techniques is that milling simultaneously modifies the sample as a whole, while
radiation damage is the result of the accumulation of individual amorphous ion tracks. Another
important finding is that the amorphization energy is higher for Er2 Ti2 O7 than for Dy2 Ti2 O7 and
Gd2 Ti2 O7 .
From the thermodynamic point of view, the energetics of disordering or amorphization should
be the same if the initial and final states of a material are identical, regardless of the damage
method. In reality; however, as the mechanism and extent of damage are dissimilar for ball milling
and irradiation, the final states in terms of short, mid, and long range structure are unlikely to
be identical, which results in different energies. Interestingly, two different states of a material,
however, may have fairly close energies due to a complex interplay of various factors, though their
structural characteristics are distinguishable [165, 74].
This study demonstrates how combined thermodynamic and structural characterization can
provide much better insights into the damage/disorder states and thermal annealing of the materials
processed by different non-equilibrium techniques . This approach will aid in the development
of metastable material phases with tailored functionalities. Systematically changing milling and
irradiation conditions would be the next step for establishing a comprehensive understanding of the
mechanisms of damage and recovery.

168

7.5

Conclusions

The combination of high-temperature calorimetry, neutron total scattering, and X- ray characterization provided novel insight into structural and thermodynamic properties of metastable
damage states in Er2 Ti2 O7 , which can be accessed by mechanical milling and swift heavy ion
irradiation. Both processing techniques induce qualitatively similar defect structures that are
characterized predominantly by amorphization (long-range) and pyrochlore-to-weberite (shortrange) transformations. However, a significant difference in thermodynamic stability was observed
with the milled sample having a much lower energetic destabilization. Thermal recovery showed
additional differences. Subtle differences in both short and long range structures can explain
the observed thermodynamic behavior with a damage state that is more pronounced in the case
of ion irradiation. Annealing the sample prepared by milling well above the recrystallization
temperature will not yield the fully ordered pyrochlore structure that is accessible by solid state
synthesis. Distinct differences in both structure and energetics persist to at least 1473 K. This
sluggish recovery of short range order appears to be a general phenomenon of defective materials
which, despite initial recrystallization, may require much higher temperatures or longer annealing
times to fully restore all structural defects.
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Chapter 8

Local Structure of the Dy2TiO5 Phase
Diagram
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A version of this chapter is presented in an unpublished manuscript by Eric C. O’Quinn, Igor Gussev,
Devon Drey, Cale Overstreet, Joerg C. Neuefeind, and Maik K. Lang titled “Local structure of the
Dy2 TiO5 phase diagram.”
For this unpublished work: E.C.O. conceived the experiment, E.C.O. and I.G. synthesized the
samples, E.C.O., I.G., D.D., J.N., and M.L. performed the total scattering experiments, E.C.O.,
I.G., D.D., and C.O. collected and analyzed the data, and E.C.O. wrote the manuscript with input
from all authors.
This chapter also contains text presented in the unpublished manuscript “Comparison of ShortRange Order in Irradiated Dysprosium Titanates,” by Roman Sherrod, Eric C. O’Quinn, Joerg
Neuefeind, Igor Gussev, and Maik Lang.
For this unpublished work: M.L. conceived the experiment, M.L provided the samples, E.C.O.,
I.G., J.N., and M.L. performed the total scattering experiments, R.S., E.C.O., and I.G. collected
and analyzed the data, and R.S. wrote the manuscript with input from all authors.

8.1

Abstract

Three different thermal treatments were utilized to synthesize three samples of Dy2 TiO5 . Structural
characterization was performed with complementary X-ray and neutron total scattering which
provided access to the long-range structures (via neutron diffraction) and short-range structures
(pair distribution function analysis). Pair distribution function analysis reveals similar atomic
arrangements in all polymorphs. These results give novel insight into the A2 TiO5 phase diagram
with the discovery of similar, complex local ordering.
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8.2

Introduction

Rare-earth complex oxides with the A2 TiO5 stoichiometry are of great interest owing to their
structural diversity. Their ability to undergo reversible high-temperature phase transformations
between cubic, hexagonal, monoclinic, and orthorhombic polymorphs is attractive for applications
as actinide-bearing nuclear waste forms, nuclear reactor control rods [198], fast ion conductors
[199], and as the oxide nanoparticles in dispersion strengthened steels [200]. The complex oxide
dysprosium titanate (Dy2 TiO5 ), in particular, is a commonly used nuclear reactor control rod
material [201]. The ceramic is radiation tolerant and is an effective neutron absorbing material due
to dysprosium’s high thermal neutron absorption cross section (997 barn) [202]. A host of other
attractive qualities, such as low swelling under neutron irradiation, high melting temperature, and
thermodynamic stability with fuel cladding, make it ideal for use in reactor core designs [203].
The crystal structure of Dy2 TiO5 belongs to the pyrochlore family of solid solutions with general
formula A2+x B2-x O7-x/2 (0 ≤ x ≤ 0.67). When x = 0, the family generally adopts a fully ordered
isometric pyrochlore (Fd-3m) matrix. Adding additional A cations (x > 0) leads to a "stuffed"
pyrochlore. Specifically, fully stuffing isometric Dy2 Ti2 O7 with additional Dy cations yields an
orthorhombic (Pnma) structure (Fig. 1.10).
The orthorhombic phase of Dy2 TiO5 (Fig. 8.1) contains unusual atomic coordinations which
lead to a high degree of structural flexibility [204]. Each atom resides on a different 4c Wycoff
equipoint. Figure 2 highlights the local coordination environment of the cations. There are two
Dy cation sites (Dy1 and Dy2 ), each in 7-coordination and residing in the middle of mono-capped
octahedra. Whereas Dy would reside, 8-coordinated, in the center of a trigonal scalenohedron
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Figure 8.1: The four reported polymorphs of Dy2 TiO5 .

in Dy2 Ti2 O7 [159], the stuffing process reduces the anion coordination and the Dy cation is
allowed to relax away from the center of its coordination polyhedra. This rearrangement yields five
distinct Dy-O interatomic distances associated with each mono-capped octahedron. Additionally,
the two distinct Dy sites are coordinated differently with respect to their neighboring polyhedra
[205]. Dy1 is edge sharing with five additional mono-capped octahedra and two square pyramids
and corner sharing with three square pyramids. Dy2 is edge sharing with seven mono-capped
octahedra and two square pyramids and corner sharing with one square pyramid. Dy2 TiO5
structure transforms to a hexagonal (P63/mmc) structure at 1350◦ C [206] and then into a cubic
(Fd-3m) structure at 1680◦ C before melting at approximately 1875◦ C [49]. The hexagonal phase
of Dy2 TiO5 has been shown to have no symmetry relation to the orthorhombic phase and the
transformation between the two is reconstructive [207]. The phase is adopted by many of the rareearth aluminates (e.g. DyAlO3 ) [208] despite the stoichiometry and charge state discrepancies.
This phase contains alternating ABABAB layers of octahedra (fully occupied by Dy ions) and fivecoordinated bipyramids (disordered with Dy, Ti, and vacancies). Several cubic phases have been
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reported for Dy2 TiO5 ). The simplest is a disordered, anion-deficient fluorite structure (isostructural
with CaF2 , Fm-3m). A fluorite superstructure belonging to the F-43m) space group has also
been reported . Another, the Fd-3m pyrochlore phase is adopted by many rare-earth titanates
(e.g. Dy2 Ti2 O7 ). In this case, eight-coordinated cubic sites are fully occupied by Dy ions and
six-coordinated octahedra are disordered between Dy and Ti ions. A B2/m11 monoclinic phase has
also been reported [198, 209] that is very closely related to the fluorite structure. Therefore, the
observed high temperature long-range structure of Dy2 TiO5 is likely to be highly dependent on the
synthesis route.
In contrast with the long-range structural transformations, there has been great recent interest
in elucidating the short-range structure of disordered oxides [13, 210, 211, 212]. In disordered
fluorite oxides, for instance, the average fluorite model (obtained from diffraction) does not correctly
account for the specific local relaxations associated with the actual distribution of cations and anion
vacancies in the material [41, 78]. As such, a different structure of lower symmetry is needed as
an adequate model for the material over sub-nanometer length scales. Such a detailed multi-scale
analysis has yet to be performed on any of the A2 TiO5 series, despite the many polymorphs available
in the phase space exhibiting some degree of structural disorder on one or both sublattices. In this
study, we prepared three different samples of Dy2 TiO5 using three different temperature treatments.
Complementary X-ray and neutron total scattering experiments provided structural data across long
and short length scales. Rietveld refinement of neutron diffraction patterns confirm three unique
long-range structures among the samples. Using pair distribution function analysis from x-ray
and neutron total scattering, we report a detailed analysis of the short range structures of each
long-range phase with detailed insight into the disordered hexagonal and monoclinic polymorphs.
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8.3

Experimental

The polycrystalline sample powders for this study were synthesized by mixing constituent oxides
Dy2 O3 and TiO2 in proper stoichiometric ratios using a mortar and pestle in an acetone slurry.
One sample (DTO1300 ) was pressed hydrostatically, heated for 10 hours at 1000◦ C, reground,
pressed hydrostatically, reheated again for 12 hours at 1300◦ C, and cooled at 2.5◦ /minute. Another
sample (DTO1500 ) was pressed hydrostatically, heated for 10 hours at 1000◦ C, reground, pressed
hydrostatically, reheated again for 12 hours at 1500◦ C, and cooled at 2.5◦ /minute. The third sample
(DTOFZ ) was pressed hydrostatically into a 10 cm rod and melted in an image furnace using optical
float zoning.
A portion of orthorhombic Dy2 TiO5 and isometric Dy2 Ti2 O7 powder from each sample type
was pressed into milled cylindrical depressions in aluminum platelets with diameters of 10 mm
and depths of 50 µm. Six of these platelets per sample composition were irradiated simultaneously
at the X0 beamline of the GSI Helmholtz Center for Heavy Ion Research in Darmstadt, Germany
to a fluence of 8×1012 ions/cm2 , with a flux of 1ÃŮ109 ions(cm2 ·s) chosen to minimize sample
heating. Irradiation was performed at room temperature with 2.2 GeV Au ion projectiles and a 5
cm × 5 cm beam spot. The sample mass per holder was chosen according to SRIM calculations
[83] to ensure homogeneous energy deposition throughout the sample (ions completely penetrated
the sample platelets). Because the ion energy was in the GeV range, the nuclear energy loss was
negligible in comparison to the electronic energy loss (about three orders of magnitude lower).
The electronic energy loss per unit path length (dE/dx) was nearly identical for both materials with
42(2) keV/nm for Dy2 TiO5 and 43(3) keV/nm for Dy2 Ti2 O7 , assuming a theoretical density of 6.94
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Figure 8.2: Neutron and X-ray scattering cross sections and lengths for Dy, Ti, and O. Note that
the neutron scattering length of Ti is negative.

g/cm3 for Dy2 TiO5 and 6.87 g/cm3 for Dy2 Ti2 O7 (electronic energy loss given as average value
± maximum deviation within the chosen sample depth). More detailed information regarding the
sample preparation and irradiation, is provided elsewhere [78, 82]. After irradiation, the sample
compacts were removed from the Al holders and were reground into fine powder for characterization.
Details concerning the x-ray and neutron scattering experiments can be found in chapter 2.

8.4

Results & Discussion

The X-ray and neutron total scattering structure functions (Fig. 8.3) confirm that each of the
three Dy2 TiO5 samples have different structures with distinct distributions of Bragg peaks across
reciprocal space. The neutron diffraction patterns of the sample treated at 1300◦ C (DTO1300 ) are
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Table 8.1: The relative intensities of pair correlations in neutron and x-ray pair distribution
functions. Each set is normalized to the maximum intensity of each set; bolded values represent
negative intensities.
pair correlation neutron
Dy - Dy
58.2
Dy - Ti
11.8
Dy - O
100
Ti - Ti
0.58
Ti - O
10.2
O-O
42.9

x-ray
100
33.3
60.6
2.78
10.1
9.18

well-refined (Rwp = 3.93%) with the orthorhombic, Pnma space group. The unit cell parameters are
a = 10.3771(7) Å, b = 3.7241(3) Å, and c = 11.2276(8) Å, in great agreement with literature [50]
and expected from the known phase diagram of the composition (Fig. 1.10). The sample treated
at 1500◦ C (DTO1500 ) is well-refined (Rwp = 4.98) with the reported hexagonal, P63/mmc phase of
the composition. The unit cell parameters are a = b = 3.6315(2) Å and c = 11.911(1) Å. These
are smaller than unit cell parameters previously reported for Dy2 TiO5 [206] and Gd1.8 Lu0.2 TiO5
[49, 213] likely due to the diffraction data in the first study having been collected in situ at high
temperature and the compositional difference in the second study. The sample prepared by float
zoning (DTOFZ ) was first refined with the defect fluorite (Fm-3m) structure but this model did not
yield enough simulated Bragg peaks to match the data. The pattern was then refined well with the
fluorite superstructure pyrochlore (Fd-3m, Rwp = 5.70%). The refinement structural parameters are
a = b = c = 10.3374(4) Å and x48f = 0.371(1). This, however, would be an unusually large x48f
parameter as few reported stable pyrochlore structures comprised of tri- and tetravalent cations have
such parameters above x48f = 0.35. It has been shown that for x48f ≥ 0.36, the defect fluorite structure
is more stable [24]. Co-refinement of pyrochlore and defect fluorite is complex, yet when attempted,
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Figure 8.3: Total scattering structure functions obtained from X-rays of the three Dy2 TiO5 samples
used in this study.

still resulted in an unphysically large x48f parameter. Some specific Bragg peaks indicated that the
structure may actually be the reported monoclinic (B2/m11) polymorph, which can be imagined as
√
√
a 2 × 2/2 × 2 supercell of the fluorite structure. Though the structures of the pyrochlore structure
(2 × 2 × 2 fluorite superstructure) and the monoclinic variant are highly similar, the peak at 2.7 Å-1
is unique to the monoclinic phase. The diffraction patterns were successfully refined (Rwp = 5.36%)
with the monoclinic phase resulting in structural parameters a = 10.32199(14) Å, b = 3.6595(5) Å,
c = 7.3082(9) Å, and γ = 89.41(1)◦ .
While the low-Q region of reciprocal space gives insight into the long-range ordering of the
samples, the high-Q region (beyond the values where Bragg peaks dominate the scattering) can
provide insight into the short-range ordering. An interesting similarity (Fig. 8.4) between the
neutron structure functions is evident in this region of Q-space. Regardless of the observed longrange ordering of the 3 samples, each exhibits similar diffuse oscillatory behavior in the scattering
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Figure 8.4: High-Q behavior of the reduced structure functions, (Q[S(Q)-1]), of the three samples
of Dy2 TiO5 .

data. The DTO1500 and DTOFZ samples, in particular, exhibit nearly identical diffuse scattering
bands in this region of Q-space, indicating a highly-similar local ordering. This behavior has been
reported previously for crystalline and amorphous silica (SiO2 ) in which the same fundamental
building block (SiO4 tetrahedra) exists in both materials [146].
Diffuse scattering bands that are observed across reciprocal space are better analyzed in realspace via pair distribution function analysis, as broad, oscillatory features in Q, when Fourier
transformed, exist only in a localized region in r-space. Peak intensities in the PDF are proportional
to the product of the two scattering lengths that comprise the pair of atoms (Table 8.1). The X-ray
PDFs (Fig. 8.5) are dominated primarily by Dy-Dy pair correlations with very little information
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Figure 8.5: Small-box refinement of the three samples of Dy2 TiO5 with the observed long-range
structures.

about Ti-Ti and Ti-O distances. This is evident as there is little information contained in the r-space
region less than 3.5 Å (i.e. coordination polyhedra), but obvious is a large peak intensity at 3.8
Åwhere the nearest neighbor Dy-Dy correlation is. X-ray PDFs were refined, using small-box
modeling, with the observed long-range structures (Fig. 8.5). The small-box refinement of the
DTO1300 is in great agreement with Rietveld refinement of the Bragg peaks: the orthrhombic,
Pnma model is an excellent match for the sample across all length scales. The hexagonal P63/mmc
model is a decent fit to the PDF of the DTO1500 sample with some discrepancies at lower values
of r. This is similar to the fit of the cubic, Fd-3m model to the PDF of the DTOFZ sample;
the fit improves at higher values of r but does not fully capture the behavior at low r values.
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Figure 8.6: (a) Simulated pair distribution functions (collected from neutron scattering) of Dy2 TiO5
polymorphs using the results of Rietveld refinement of experimental neutron diffraction patterns.
(b) Neutron pair distribution functions of the three samples of Dy2 TiO5 prepared for this study.
The dashed lines denote the baseline of the PDF.

Further, to obtain the highest quality fits to the DTO1500 and DTOFZ PDFs, unusually large atomic
displacement parameters were refined for certain atomic sites (P63/mmc : U 4f 33 =0.72, U 2b 33 =0.70;
Fd-3m: U 8a 33 =0.69). This indicates that, locally, these structures are most likely not the best model
for the actual atomic arrangements.
In contrast with the X-ray PDFs, the neutron PDFs are dominated by the Dy-O correlations
giving a higher degree of insight into the coordination polyhedra. Additionally, the O-O correlations
are more prominent and while the Ti-O correlations still do not have great intensity, they are negative
and thus more easily identifiable at very low values of r. Neutron PDFs were simulated using the
results of Rietveld refinement of the neutron diffraction patterns (Fig. 8.6). The orthorhombic
polymorph exhibits a "negative" peak from 1.65 - 2.05 Å signifying the bonds between the Ti and
O ions in the square pyramids. The peak is negative due to the negative scattering length (b =
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-3.44 fm) of the Ti nucleus. Thus, this negative peak is indirect evidence of an ordered atomic site
exclusively occupied by Ti. The large peak at 2.35 Å denotes the bonds between Dy (b = 16.9 fm)
and O in the seven-coordinated polyhedra, in excellent agreement with the sum of Shannon’s ionic
radii [7] for four-coordinated O2- (1.38 Å) and seven-coordinated Dy3+ (0.97 Å). The smaller, broad
peak centered at 2.9 Å denotes the nearest O-O neighbors. The two peaks centered at 3.7 and 4.8 Å
correspond to the nearest and next-nearest neighbor cation-cation interatomic distances. Because
of the overwhelming scattering intensity from Dy relative to Ti, negative peaks corresponding to
Dy-Ti correlations are "lost" among the intensity from positive peaks from Dy-Dy correlations.
The other reported polymorphs exhibit structural disorder in which Ti ions disorder on sites with
Dy ions. This is evident in the simulated PDFs of the hexagonal, cubic, and monoclinic phases; not
one exhibits a negative peak because of the fractional occupancies of one site by Dy and Ti which
has the effect of creating an effective positive scattering length.
The experimental PDF of the DTO1300 sample is nearly identical to the simulated PDF of the
orthorhombic phase, in great agreement with Rietveld refinement. Indeed, the experimental PDF
was well-refined, using small-box modeling, with the Pnma structure (Rwp = 11.6%). By contrast,
the experimental PDF of the DTO1500 sample is not identical to the simulated PDF of the hexagonal
phase; in fact, the differences are quite significant. According to the simulated PDF, disordering of
Dy and Ti ions on the 2c site leads to an effective positive scattering length at this lattice position.
The experimental PDF, however, contains an obvious negative peak at 1.95 Å. The only way for a
PDF of Dy2 TiO5 to exhibit a negative peak is for the sample to contain a site that is exclusively,
or overwhelmingly, occupied by Ti ions. Further, this site would have to be considerably smaller
in average bond length with oxygen to even be visible in the PDF, as it would be overlapped by a
neighboring positive Dy-O correlation. Also absent from the experimental PDF is a clearly defined
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O-O correlation at 2.9 Å. Instead, oxygen ions are generally closer together with pair correlations
more similar to that of the orthorhombic phase. This behavior is also observed in the DTOFZ
sample. In this case, the experimental PDF does not match the simulated PDFs of either the cubic
or monoclinic phases. Again, the presence of a negative peak at 1.95 Å is not captured in the
simulated PDFs as these long-range phases exhibit disordering of Ti and Dy on the same site. The
O-O correlations are distributed over a greater range of r-space with respect to the simulated cubic
and monoclinic PDFs, but highly similar to the distribution of O-O correlations observed in the
experimental PDFs of both the DTO1300 and DTO1500 samples.
The neutron diffraction data from the DTO1300 and DTO1500 samples is consistent with the
reported phase diagram of the compound. The stabilizing of hexagonal Dy2 TiO5 using the
conventional ceramic method, however, is novel and perhaps attributable to the use of hydrostatic
pressure during synthesis. The diffraction pattern of the DTOFZ was refined well with a disordered
pyrochlore structure as well as a closely related monoclinic structure highly related to the fluorite
structure. The refined (x48f ) position of the pyrochlore structure would be usually high; it is more
likely that the composition is actually the monoclinic phase.
The positive shoulder at 2 Å in the simulated PDF of the hexagonal phase results from the bonds
of the disordered bipyramidal site with five oxygen. Even though the site is majority Ti, the small
amount of Dy, with its large scattering length, results in an effective positive scattering length.
The negative peaks in the experimental PDFs are indicative of an atomic site that is exclusively or
predominately occupied by Ti with bond lengths significantly shorter than other Dy-O interatomic
distances. Even a Dy:Ti ratio of 1:6 on a shared site would result in an effective scattering length
of 0 and render that atomic position invisible in the PDF. The experimental PDF of the hexagonal
Dy2 TiO5 exhibits a clear negative peak at 2 Å, indicating that this site, locally, is more complex
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than initially thought. In the case of the hexagonal structure, the Dy and Ti share occupancy (1:3
ratio) of the 2c site with an average bond length of 2.0616 Å. The height of the bipyramid (directly
along the c-axis) is 2.015 Å. This is much smaller than preferred for Dy3+ , yet larger than predicted
for Ti4+ in 5 coordination. A partial explanation for this behavior was given by Shepelev et al.
[213] that the purpose of doping Lu in hexagonal Gd1.8 Lu0.2 TiO5 was to reduce the effective size
of the A-cation on the bipyramidal site. Here, Dy is slightly smaller than Gd, yet still occupies
the bipyramidal site in a 1:3 ratio with long-range stabilization of the hexagonal phase. The Dy
ions must serve as a stabilizing medium for the bipyramidal layer, but distributed regularly and not
randomly in the bipyramidal layer to reduce local strain. The same logic applies to the distribution
of vacancies. Evidence of this explanation can be seen in the experimental PDF of the DTO1500
sample (Fig. 8.6). The first nearest neighbor cation-cation distance is 3.63 Å. It is observed that this
peak is much reduced with respect to the first Dy-O peak in contrast with the same ratio in simulated
PDF of the hexagonal phase. The reduction of peak height in the experimental PDF indicates that
there are significantly less Dy-Dy correlations at this peak location than a true random distribution
would indicate. One explanation for the distribution of Dy and vacancies is that they attempt to
maximize distance between them. Another possibility is that they are clustered next to each other.
The Dy may relax toward to the vacant site allowing the it to occupy a larger, albeit distorted,
volume without greatly affecting the height of the bipyramidal layer. This relaxation would not
be periodic over longer length scales rendering it undetectable by diffraction. This would serve
to raise the coordination number of Dy and elongate the average Dy-O bond; the simulated PDF
predicts a sharp Dy-O correlation, reduced in length with respect to the orthorhombic phase and
no pair correlations beyond this region, but the experimental PDF reveals a mean Dy-O correlation
comparable in length to the orthorhombic phase and a distribution of pair correlations up to 3 Å.
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In this way, it is no accident that the PDFs of the orthorhombic and hexagonal phases are so similar
as the both contain the same structural elements, five-coordinated bipyramids occupied by Ti and
possibly seven-coordinated monocapped octahedra filled by Dy.
As with the simulated hexagonal phase PDF, the simulated cubic and monoclinic PDFs do not
exhibit negative peaks anywhere in r-space. In both models, this is because the Dy and Ti share
occupancy of atomic sites. Like the experimental hexagonal PDF, however, there is a negative peak
at 2 Å followed by a sharp positive peak at 2.35 Å.
The neutron diffraction data confirm that, prior to irradiation, both starting samples are wellcrystallized with no discernible impurity phases (Fig. 8.7). The diffraction data for each material
are well modeled by their expected structures using Rietveld refinement; the data residual (w R ) for
each is below 5%. After irradiation, both samples display distinct amorphization through reduced
peak intensities and strongly increased diffuse scattering (Fig. 8.7). This agrees very well with
previous synchrotron X-ray diffraction studies which showed that both of these dysprosium titanate
oxides can be readily amorphized by swift heavy ions at room temperature [50, 214, 215]. The
remaining long-range crystalline phase for each irradiated sample is still well fit by the original
structural model. No peak broadening or shifts are observable, indicative of undamaged pyrochlore
with no significant accumulation of defects. The incomplete amorphization in this study can be
explained by specifics of the ion-beam experiments. Neutron total scattering requires large sample
amounts which can only be achieved by irradiating large areas with a defocused beam spot. This
may introduce inhomogeneity within the irradiated area and some sample powder may not be
fully covered by the ion beam. However, both samples were irradiated under identical conditions
and their relative radiation behavior can be compared. The diffuse scattering is significantly
more pronounced in the Dy2 TiO5 diffraction patterns with a greater relative Bragg peak intensity
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Figure 8.7: Neutron total scattering structure functions of all titanate oxide samples before
and after irradiation with 2.2 GeV Au ions to a fluence of 8ÃŮ1012 ions/cm2 . (a) Diffraction
pattern of orthorhombic Dy2 TiO5 indicates ion-induced amorphization, which is also evident in
(b) cubic Dy2 Ti2 O7 pyrochlore. Amorphization (loss of long-range periodicity) is characterized
by significant peak reduction and a large increase in diffuse scattering which is more pronounced
in Dy2 TiO5 .
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Figure 8.8: Pair distribution functions (PDFs), for pristine and irradiated Dy2 TiO5 . G(r) is
proportional to the probability of specific interatomic correlations at distances r. For larger r-values
an irradiation-induced peak intensity reduction is observed with otherwise minimal changes. This
behavior is consistent with the loss of long-range coherence associated with the formation of an
amorphous phase.

reduction of the remaining crystalline phase as compared to those of the Dy2 Ti2 O7 . This indicates
greater amorphization in the orthorhombic Dy2 TiO5 sample as compared to the cubic Dy2 Ti2 O7
pyrochlore sample. The short-range structure of the unirradiated and irradiated Dy2 TiO5 can
be further analyzed through the neutron pair distribution functions (PDFs). Using small-box
refinement, the local and intermediate structure of the pristine unirradiated Dy2 TiO5 from 1.5 to
20 Å was well modeled with the orthorhombic structure that was used for Rietveld refinement of
the diffraction pattern (Rw =0.15). Beyond nearest neighbor distances of ∼3 Å there is a distinct
reduction in peak intensity for the irradiated sample (Fig. 8.8) compared with the unirradiated
material. Notably, the peak shape and width do not change significantly above or below this
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range. Thus, the peak area is significantly reduced, consistent with a crystalline-to-amorphous
transformation and associated loss of long-range coordination [78]. The peaks that correspond to
the nearest-neighbor coordination polyhedra, however, are only subtly changed after ion irradiation.
This is in clear contrast to the changes observed in the PDFs induced by irradiation of Dy2 Ti2 O7 (Fig.
4). While the behavior beyond nearest neighbor distances of ∼3 Å is comparable to that of Dy2 TiO5 ,
with a consistent reduction in peak area and no changes to peak width and shape, radiation creates
distinct modifications of the local atomic arrangement. The PDF of the unirradiated Dy2 Ti2 O7 can
be best modeled with the Fd-3m pyrochlore structural model. The PDF of the irradiated Dy2 Ti2 O7 is
consistent with the pyrochlore structural model at large-r, but displays significant changes between
2 and 5 Å. The intensity of the negative peak at ∼2 Å is reduced, and the distinct peaks at 2.2 and
2.5 Å are replaced with a single peak at 2.3 Å. The peak at 3 Å broadens and shifts to lower-r.
Similar behavior has been previously reported for several irradiation-induced amorphous pyrochlore
compositions [74, 78] and the PDF of irradiated Dy2 Ti2 O7 can be best modeled in the range of 2 to 5
Åwith a weberite-like atomic arrangement of space group Ccmm [47]. Interestingly, the same local
structural transformations are also evident in pyrochlore compositions which are radiation resistant
but disorder to a defect-fluorite structure over the long-range [41]. The presence of local ordering
in amorphized pyrochlores has also been confirmed using extended X-ray absorption fine structure
spectroscopy (EXAFS) [171], Raman spectroscopy [133], and electron energy loss spectroscopy
(EELS) [172]. The most significant change in the PDF that occurs in the irradiated Dy2 TiO5 sample
is a decrease in slope near 3.7 Å caused primarily by a shift of the negative peak near 3.4 Å. Other
subtle changes include a small shift of the first three positive peaks and a slight increase in intensity
of the second peak near 3 Å. Despite the lower resistance to irradiation-induced amorphization
displayed by the Bragg peak response of the long-range structure in Dy2 TiO5 as compared to the
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Figure 8.9: Pair distribution functions for pristine and irradiated (using 2.2 GeV Au ions to a fluence
of 8ÃŮ1012 ions/cm2 ) samples of Dy2 Ti2 O7 (lower profiles) and Dy2 TiO5 (upper profiles). The
atomic pairs corresponding to each peak in the Dy2 TiO5 PDFs are labelled based on the structural
model used to fit the data. The pyrochlore structure in Dy2 Ti2 O7 undergoes a fundamental shift
in local atomic arrangement as shown by the transformation in PDF peak shape, position, and
intensity. By contrast, only subtle changes are evident in Dy2 TiO5 characterized by small shifts,
the most notable at 3.5 Å, between the negative Dy-Ti correlation and the positive Dy-Dy/O-O
peak.

Dy2 Ti2 O7 , irradiation involves much less polyhedral modification in the former. To investigate the
similarity of the local structure in Dy2 TiO5 before and after irradiation, the PDF of the irradiated
sample was modeled with the orthorhombic, Pnma structure. This same structural model describes
the PDF of the irradiated Dy2 TiO5 from 1.5 to 8 Å well (Fig. 5, Rw =0.12). Despite subtle changes in
peak shape and position (Fig. 8.9), the model is still an excellent fit to the short-range structure (Fig.
8.11). A set of modified boxcar refinements was performed to gain further insight into the extent of
the local structure which is affected by the irradiation. Each refinement used a minimum r-value of
1.5 Å, while the maximum r-range from 6 to 20 Å with a step size of 1 Å. Qualitative comparison of
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Figure 8.10: Experimental PDF data of irradiated Dy2 TiO5 (circles) and small box refinement
based on the pristine orthorhombic structural model from ICSD (red line). The model describes
the experimental data very well as indicated by the difference curve (purple bottom line) and the
corresponding weighted residual (Rw ) of 0.10.

these refinements shows a well fit region up to 8 Åin all refinements. Additionally, the Rw value was
used as a quantitative indicator of how accurately the model represents the atomic configuration in
the irradiated sample. The Rw value sharply increases when rmax increases from 8 Å to 9 Å (Fig.
8.11). This length scale is expected due to the similar length scale observed by Shamblin et al. [78]
as the spatial extent of the radiation-induced weberite-type ordering in amorphized Dy2 Sn2 O7 .
Given the agreement of qualitative examination and Rw values observed in the boxcar refinement
with previous experiments, the region from 1.5-8.0 Å is accepted as the relevant region of interest.
To gain further insight into the local atomic structural differences between the pristine and irradiated
samples, the partial PDF contributions from each atom-atom pair in the corresponding refinements
were calculated (Fig. 8.11). The region of interest with the most pronounced changes in the profiles
190

Figure 8.11: Rw values for a boxcar refinement of the experimental PDF data of irradiated
Dy2 TiO5 . For each refinement, rmin =1.5 and rmax is given on the x-axis. The template refinement
used to generate this r-series boxcar is shown in Fig. .

(r-values between 3 and 4 Å) is a superposition of contributions from 4 distinct atom-atom pairs,
making it difficult to discern the origin of the observed subtle changes. The oxygen-oxygen pair
correlations at 3 Åand the Dy-Ti nearest neighbor correlation at 3.5 Åappear to have the most
noticeable changes after ion irradiation. Since the Dy-O and Ti-O nearest neighbor correlations are
nearly identical before and after irradiation, these results suggest that long-range amorphization in
Dy2 TiO5 is locally characterized only by slight distortions of the coordination polyhedra - leaving
them largely unchanged. The orthorhombic structural model still describes the local structure well
and one can view the subtle changes of the atomic configurations in the irradiated and unirradiated
samples as two minor variations of the same structural model. This is in clear contrast to the
formation of a weberite-type atomic arrangements in amorphous pyrochlore, which requires a
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distinct change of coordination polyhedra. In the fully ordered Dy2 Ti2 O7 pyrochlore structure, Dy
is in 8 coordination and sharing multiple polyhedral edges while Ti is in 6-coordination and sharing
all corners. The weberite-like arrangement contains similar 8-coordinated edge sharing Dy and 6coordinated corner sharing Ti, but also has 7-coordinated edge sharing titanium. The orthorhombic
Dy2 TiO5 structure has 7-coordinated, edge sharing Dy and 5-coordinated Ti sharing 2 corners. The
smaller number of shared components in the Dy2 TiO5 Ti polyhedra may result in greater stability
from a structural point of view. Further, the Ti polyhedra in the Dy2 TiO5 structure (5-coordination)
have a lower coordination compared to the Dy2 Ti2 O7 titanium polyhedra (6-coordination), which
results in stronger bonds as the excess Ti charge is shared between a smaller number of oxygen
atoms. The greater bond strength within the coordination polyhedra with a reduced number of
sharing elements may be key to an improved radiation stability across the short-range structure
[77, 216].

8.5

Conclusions

Three samples of Dy2 TiO5 were prepared by three different thermal treatments. Characterization
with neutron diffraction revealed that each sample exhibited a different long-range structure.
Treatment to 1300◦ C produced the orthorhombic (Pnma) polymorph, heating to 1500◦ C yielded
the hexagonal (P63 /mmc) polymorph, and a monoclinic (B2/m11) phase was synthesized through
optical float zoning in an image furnace. Pair distribution function (PDF) analysis was performed to
reveal the short range structures in all three samples. Though the three exhibited different long-range
structures, the local structures were all highly similar. Detailed analysis revealed that the sharing of
Dy and Ti on a single atomic site is not probable due to the presence of negative peaks in the neutron
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PDF. These results give new insight into the known phase diagram of Dy2 TiO5 as disordered phases
exhibit complex local structures not accessible through conventional characterization techniques.
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Chapter 9

Extending Pauling’s Rules to Disordered
Crystalline Materials
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9.1

Abstract

Disordered crystalline materials are utilized in a wide variety of energy-related technologies.
Recent results from neutron total scattering experiments have shown that the atomic arrangements
of many disordered crystalline materials are not random nor are they represented by the longrange structure observed from diffraction experiments. Despite the importance of disordered
materials and the impact of disorder on the expression of physical properties, the underlying
fundamental atomic-scale rules of disordering are not currently well-understood. Here, we report
that heterogenous disordering (and associated structural distortions) can be understood by the
straightforward extension of Pauling’s Rules (1929). This insight, corroborated by first principles
calculations, can be used to predict the short-range, atomic-scale changes that result from structural
disordering induced by extreme conditions associated with energy-related applications, such as
high temperature, high pressure, and intense radiation fields.
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9.2

Results and Discussion

Structural disorder in crystalline materials can be engineered for specific functionalities, such
as increasing conductivity via chemical doping in semiconductors [217], enhancing flux pinning
in high-temperature superconductors [218], and optimizing electrical properties of PZT (lead
zirconate titanate perovskite) [219]. In such materials, structural properties are commonly studied
with techniques that probe the translational periodicity of the atomic constituents over repeating
unit cell length-scales, such as by x-ray diffraction, and modeled as though atoms may be randomly
distributed across their atomic sites. Recently, however, with the development of experimental
techniques capable of probing sub-nanometer length-scales, there has been an increased interest
in disordered materials for which the actual atomic arrangement is not represented by the periodic
structure identified from a diffraction experiment [109]. In some disordered oxides, it has been
shown that atomic distributions only appear random when sampled over long length scales but are,
in fact, ordered at the nanoscale [220, 13]. Thus, there is a decoupling of the local symmetry of
atomic configurations from the symmetry of the global, long-range structure.
Although discrepancies between short- and long-range structures [39, 221, 222] and a locallyordered distribution of atoms (or vacancies) [211, 78, 46] have been reported for disordered
crystalline materials, the challenge has been to characterize these materials over multiple lengthscales. For instance, Shamblin et al. [220] investigated a disordered fluorite structure formed
by Ho2 Zr2 O7 , similar to the structure adopted by yttria-stabilized zirconia (Yx Zr1-x O2-0.5x ) and
nuclear fuel uranium dioxide (UO2+x + fission products). Using the neutron total scattering
method [143], they showed that the local atomic distribution in Ho2 Zr2 O7 is not represented by
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Figure 9.1: (a) Experimental neutron diffraction pattern (black circles) of MgAl2 O4 modeled
with the disordered spinel structure (red line). (b) Experimental pair distribution function (black
circles) of MgAl2 O4 compared with a simulated PDF calculated from the model refined from the
diffraction pattern (red) and one simulated directly from application of Pauling’s first rule (blue)
with Shannon’s ionic radii.

a disordered fluorite structure but instead is better explained by a lower-symmetry superstructure
of the fluorite structure in which cations and oxygen ions are distributed in a non-random manner
with concomitant structural distortions. The origin of this short-range ordering is not understood,
nor is the relation between the short- and long-range atomic configurations. Here, we demonstrate
that such heterogeneous structural disorder can be understood as an extension of Pauling’s Rules
[5, 6]. These rules were established based on ordered crystalline structures with atoms placed at
ideal positions, in agreement with x-ray diffraction experiments. The same rules can be applied to
identify the intricate atomic ordering schemes observed in disordered crystalline materials across
all spatial scales.
To construct an atomic-scale understanding of heterogeneous disorder, we have focused on
the complex oxide structures of spinel (rocksalt derivative, general formula AB2 O4 , Fd-3m) and
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pyrochlore (fluorite derivative, general formula A2 B2 O7 , Fd-3m) as model systems because of their
inherent structural disorder [35, 160], a reported discrepancy between the long- and short-range
behavior [220, 13], and their importance to many energy-related applications [223, 95]. Spinel
oxides are isostructural with natural magnesium aluminate (MgAl2 O4 ) and are conventionally
described by three structural parameters: the isometric unit cell parameter (a), the position of the
oxygen anion along the unit cell body diagonal (u), and the inversion parameter (i). Many members
of this structural family are disordered [72], where the two cations are distributed across fourcoordinated tetrahedral sites and six-coordinated octahedral sites; the inversion parameter quantifies
the fraction of tetrahedral sites occupied by the B-cation. Each oxygen is crystallographically
equivalent (Wyckoff equipoint 32e), bonded to one tetrahedrally coordinated cation and three
octahedrally coordinated cations. This structure is indicated by the Bragg peaks in the neutron
diffraction pattern (Fig. 9.1a) with this specific MgAl2 O4 sample exhibiting an inversion parameter
of 38%. According to this structural model, the cation tetrahedra are identical in all ways (i.e.,
volume, bond lengths, bond angles) regardless of whether they are occupied by the larger Mg2+
(ionic radiusIV = 0.57 Å [7]) or smaller Al3+ (ionic radiusIV = 0.39 Å).
To probe the atomic-scale structure of MgAl2 O4 , we analyzed the pair distribution function
(PDF) collected from a neutron total scattering experiment (Fig. 9.1b). This experimental approach
is well-suited for heterogeneously disordered oxides because (i) neutrons scatter strongly from
oxygen and generally provide contrast between elements of similar atomic number (e.g., Mg and
Al) and (ii) diffuse scattering that arises due to local deviations from the global space group
symmetry [91] can be analyzed in real-space. The PDF of MgAl2 O4 is a histogram of atom-atom
distances [3]. There is an obvious discrepancy between the experimental PDF (black circles) and
the one simulated from the long-range structural model obtained from analysis of the neutron
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diffraction pattern (red line). The long-range structural model creates Mg-O and Al-O bond
distances (d A−O =

√

p
3a(u − 1/4), d B−O = a [2(u − 3/8) 2 + (5/8 − u) 2 ] [35]) that are too short

to accurately reproduce the actual interatomic distances observed in the experimental data. This
implies that the local atomic arrangement of MgAl2 O4 is not represented by the disordered, longrange structure. This discrepancy, however, can be reconciled by extending Pauling’s rules to
disordered spinel. A straightforward application of Pauling’s 1st rule indicates that the polyhedra
in each case should be much different. When the Mg2+ occupies the tetrahedral site, the sum of the
ionic radii (O-2,IV + Mg+2,IV ) is 1.95 Å and when Al3+ occupies the tetrahedral site, this sum is 1.77
Å. A hypothetical PDF can be constructed using only Pauling’s 1st rule (Fig. 9.1b, blue line) that
more accurately reproduces the experimental PDF, than the long-range disordered spinel model. In
this representation, the structural distortion associated with cation inversion is better accounted for
by the incorporation of bond lengths predicted by the 1st rule.
Cation inversion also leads to complex charge balance schemes. To build the disordered
structure according to the diffraction pattern analysis, the cation sublattice is randomly disordered,
but in reality, each cation polyhedra must be occupied either by Mg2+ or by Al3+ . When an oxygen is
bonded to Mg2+ in tetrahedral coordination, then it can also be bonded with 0, 1, 2, or 3 other Mg2+
in octahedral coordination and the same four octahedral combinations are available when Al3+ is in
tetrahedral coordination. Therefore, disordering of the cation sublattice results in eight unique local
oxygen environments (Fig. 9.2). Considering the bond strengths governed by Pauling’s 2nd rule
provides further insight into the local atomic configuration of the disordered phase. When Mg2+
occupies the tetrahedral site (∼62 % occurrence), there is a unique way to locally satisfy this rule:
by filling the octahedral sites with Al3+ , which is the conventional, “normal” spinel arrangement.
When Al3+ occupies the tetrahedral site (∼ 38%), there is no way to exactly satisfy the 2nd rule.
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Figure 9.2: Schematic representation of the eight possible combinations of oxygen environments
in the A2+ B3+ 2 O2- 4 spinel structure with their electrostatic valence bond strengths calculated from
Pauling’s 2nd rule. In this representation, the thinner solid line above the oxygen anion (symbolized
as solid red circle) represents the single bond with the tetrahedral site and the three thicker solid
lines below oxygen represent the bonds with the octahedral sites. The orange and dark blue bonds
are with A2+ and B3+ cations, respectively. Only one of the eight possible arrangements produce
an electrostatic valence bond strength equal and opposed to that of the oxygen anion satisfying
Pauling’s valence rule (the “normal” spinel arrangement, top left).
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Pauling gives a prescription for this problem by stating that while this rule may not be “rigorously
satisfied...it should, however, be always satisfied approximately.” The most straightforward solution
to this problem in a disordered spinel is a simple mixture of the motifs in which the electrostatic
valence bond strengths are 2.083 and 1.917, which average to 2. In this scheme, when an oxygen is
bonded to an Al3+ tetrahedra, it will prefer to be coordinated to two Mg2+ and one Al3+ octahedra
and be nearest neighbors with an oxygen that bonded with an Al3+ tetrahedra, one Mg2+ and two
Al3+ octahedra. This valence consideration explains the atomic arrangement that was revealed
by O’Quinn et al., [13] in which the local structure around a cation antisite in Mg1-x Nix Al2 O4
was best modeled with a tetragonal unit cell and three unique oxygen positions (Pauling bond
strength sums of 2, 2.083, and 1.917). In this case, the lower-symmetry “local phase” contained the
necessary short-range atomic ordering and associated relaxations required to satisfy Pauling’s rules.
Therefore, the PDF of this disordered material is reproduced correctly by accounting for Pauling’s
1st and 2nd rules: the size mismatch of the ions dictates a specific structural distortion away from
the long-range symmetry (Fig. 9.1b) and local charge balance dictates a specific distribution of
ions within a lower-symmetry structural motif (Fig. 9.2). The question arises whether Pauling’s
rules are only useful to understand the local atomic arrangements within a disordered material or
whether they can also give fundamental insight into the underlying mechanisms that govern the
actual disordering process itself.
To answer this question, we have investigated the pyrochlore-to-fluorite transformation (general
formula A2 B2 O7 ), a classical example of a disordering process. Whereas fluorite oxides (AO2 )
contain large, tetravalent cations, there are two cation sites in the pyrochlore structure: an 8coordinated A-site generally occupied by a trivalent rare-earth cation and a 6-coordinated Bsite generally occupied by a tetravalent group 4 element (Fig. 9.3a) [24] ; the stability field
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Figure 9.3: Schematic illustration of cation coordination (a) before and (b) after the motion of an
oxygen anion from the 48f to the 8a Wyckoff equipoint in the pyrochlore structure. The dark brown
polyhedra are 8-coordinated, the light brown polyhedra are 7-coordinated, and the green polyhedra
are 6-coordinated. The viewing direction is [100]Fd-3m .
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of the pyrochlore structure has been generally correlated with the cationic radius ratio (1.46 <
r VA I I I /r VB I < 1.78). The ordered pyrochlore structure can be driven by irradiation, temperature,
pressure, or chemical doping into a disordered state [224, 225] with a disordering process proposed
to be driven by either cation exchange [226, 227], randomization of vacancies on the oxygen
sublattice [228, 229, 230], or by simultaneous rearrangements on both sublattices [231, 232].
Sufficient disordering of the pyrochlore structure ultimately triggers a long-range order-disorder
transformation to a fully disordered, anion-deficient fluorite structure ("defect fluorite", Fm-3m)
[138]. The preference of the cations for specific local environments, given by Pauling’s rules, helps
to identify the atomic-scale disordering sequence, as well as the final atomic arrangement, which is
not random but retains some level of predictable order, similar to the behavior observed in spinel.
While the disordering of a pyrochlore structure does involve both cation antisite and anion Frenkel
defects [25], it can be surmised by application of Pauling’s 1st rule that cation sublattice disorder
is driven by an anion sublattice disordering mechanism (fluorite-related structures are generally
oxygen ion conductors [95, 228]). Without a precursor oxygen defect, the sizes of the cation
coordination polyhedra are simply too large (or small) to accommodate a stable cation antisite
defect. In contrast, the motion of the 48f oxygen to the previously vacant 8a site creates a distinct
pattern of cation coordination geometries in the local environment around the Frenkel defect (an "87-6-7" arrangement, Fig. 9.3b). Whereas, previously the tri- and tetravalent cations had a preference
for occupying the large, 8-coordinate and small, 6-coordinate sites, respectively, newly created 7coordinate sites (more appropriate in size for both A3+ and B4+ ) become available for the formation
of cation antisite defects via the motion of the oxygen anion. However, in contrast to the traditional
long-range picture of a complete cation randomization into only 7-coordinated polyhedra, part of
the initial coordination polyhedra are retained in the local structure of the disordered phase. In the
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Figure 9.4: Two cation layers comprise the layer stacking model [23] that describes the pyrochlore
structure: (a) an A3 B layer and an (b) AB3 layer. The fundamental building blocks contained
within the layers comprising the layer stacking model are shown (c) before and (d) after the motion
of an oxygen anion from the 48f to the 8a Wyckoff equipoint. The cation coordination scheme
is compared with (e) the DFT-relaxed weberite-type arrangement of Ho2 Zr2 O7 . The dark brown
polyhedra are 8-coordinated, the light brown polyhedra are 7-coordinated, and the green polyhedra
are 6-coordinated. The viewing directions for a & b are [1 1 1]Fd-3m , [0 -1 1]Fd-3m for c & d, and [0
1 0]C21 /m for c.
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traditional structural approach, it is not easy to unambiguously determine how many of the original
polyhedra are retained in the new structural motif or how far this motif extends into the ordered
matrix. This can be better conceptualized in the framework of the structural building blocks that
form the ordered structure and their change through the motion of oxygen into the vacant site. The
pyrochlore structure can be built using a layer stacking model [23] that consists of an A3 B layer, a
Kagome lattice of AVIII -cations with BVI -cations occupying the interstices (Fig. 9.4a), and an AB3
layer, a Kagome lattice of BVI -cations with AVIII -cations occupying the interstices (Fig. 9.4b). The
building blocks that produce these layers [47] are arrangements of A3 B (8-8-8-6 motif) and AB3
(6-6-6-8 motif) polyhedra (Fig. 9.4c). Such blocks can be understood in terms of Pauling’s rules
as fundamental units with particularly stable polyhedral configurations. The disordering process
induced by movement of the 48f oxygen into the vacant 8a site now changes the polyhedra and
cation coordination scheme of the building blocks to a 8-7-7-6 motif in the A3 B layer and a 6-7-7-8
motif in the AB3 layer (Fig. 9.4d). Thus, the 6-coordinated sites are now highly distorted, ideally
prompting a subsequent relaxation of other oxygen. Interestingly, the 8-7-7-6 motif of coordination
polyhedra is characteristic for weberite-type Y3 TaO7 (C2221 ) [233]. This explains why a weberitetype structure has been previously shown to accurately model the local structure of a material that
adopts the disordered, anion-deficient fluorite structure [220]. The C2221 space group, in particular,
best describes the experimental neutron PDF of the disordered, anion-deficient fluorite Ho2 Zr2 O7
(Fig. 9.7) with the difference that the 7-coordinated polyhedra are populated by both Ho3+ and Zr4+
cations (only Y3+ for Y3 TaO7 ). This Pauling-inspired building-block approach also has practical
applications. Using the fundamental building blocks of the pyrochlore and weberite-type structure,
we constructed primitive cells for first principles calculations which reveal that a local structure
containing weberite-type building blocks (Fig. 9.4e) is a lower energy configuration for Ho2 Zr2 O7
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than the a local structure containing pyrochlore building blocks with only 8- and 6-coordination;
the reverse is true for Ho2 Ti2 O7 (Table 9.1). The DFT calculations also show how the previously
distorted 6-coordinated octahedra that are distorted by the oxygen motion are now relaxed such that
the two polar oxygen now form a ∼ 180◦ angle (as was the case with ordered pyrochlore). With
the application of Pauling’s rules to the disordering process of pyrochlore, the local weberite-type
polyhedral motif can be fully explained.
What remains to be understood for a full description of the heterogeneous disorder in
pyrochlore oxides is the relation between the weberite-type local structural motifs and the longrange disordered, anion-deficient fluorite structure. While the weberite-type structural motifs
are induced over a sub-nanometer length scale, they still scatter neutrons (or x-rays) coherently.
A crystallographic approach developed by Neder et al. [235] considers such structural motifs as
ordered variants inserted in a host crystal that is the configuration average of all possible orientations
(phases) of the domains. One can show with a detailed crystallographic analysis that the sharp Bragg
intensities correspond to the reciprocal lattice points of the host crystal, while diffuse scattering is
induced by the correlated differences between each domain structure and the average host crystal
structure. This approach explains, based on group theory, that an ensemble of sub-nanoscale
weberite structural motifs (C2221 ) with all possible orientations (formed by random movement
of different 48f oxygens into vacant 8a sites) will become, on average, an anion-deficient fluorite
structure (Fm-3m) over longer length-scales, resulting in the extinction of all superstructure peaks
(supplementary information). Thus, the disordering process in pyrochlore can be understood as an
accumulation of local weberite-type structural motifs that form a long-range anion-deficient fluorite
structure, yielding the observed heterogeneous structure over different length scales. Through a
solid-solution series that covers the entire order-disorder space from fully ordered pyrochlore
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(Ho2 Ti2 O7 ) to fully disordered, anion-deficient fluorite (Ho2 Zr2 O7 ), we have investigated whether
or not the order-to-disorder transformation proceeds over different length-scales simultaneously.
Neutron total scattering experiments were performed on intermediate members of the solid solution
binary Ho2 (Ti1−x Zr x )2 O7 . The neutron diffraction data reveal that there is a narrow compositional
range over which the series transforms from the pyrochlore structure to the disordered, aniondeficient fluorite structure (Fig. 9.5, black line). By constrast, the local weberite-type phase
forms immediately upon substitution of Zr for Ti and the fraction increases nearly linearly with
the amount of Zr across the series (Fig. 9.5, red line). Thus, there is an apparent decoupling of
the local weberite-type formation in Ho2 (Ti1−x Zr x )2 O7 which proceeds gradually upon substitution
for Ti4+ with Zr4+ , while the long-range anion-deficient fluorite phase forms only within a narrow
compositional range of about ∼ 60% substitution. Again, Pauling’s rules are key to explain this
complex and intriguing disordering scheme. Once an oxygen is moved into a vacant site and a
seven-fold Zr4+ site is created, this limits the movement of other nearby oxygens; another oxygen
must not move to be also coordinated with this newly created seven-fold Zr4+ site. Thus, the
newly formed local environment dictates how the construction of the material must proceed over
longer length scales. In order to obey Pauling’s rules, the local weberite domains will maintain
a critical distance until a certain "critical density" is reached, which triggers a long-range phase
transformation. A similar behavior has been observed in phase transformations induced by heavy
ion irradiation of A2 O3 oxides [236] in which oxygen vacancies are created and arrange themselves
as far away from one other as possible until saturation triggers a global phase transformation. The
present data can be interpreted in the same way, particularly as the fundamental weberite-type
structural motif is just, in principle, the short-range ordering and structural relaxations associated
with an anion Frenkel defect (Fig. 9.4e).
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As structural disorder is highly correlated with the expression of physical properties, this new
insight has implications for engineering materials over different length scales to obtain the desired
physical properties for technologically important applications. The promise of manipulating the
specific local environment of a material that appears randomly disordered can be appreciated with
the example of PZT perovskite. The origin of enhanced piezoelectricity in PZT has remained
largely a mystery since the 1950s due to the complex phase diagram of the material [237]. Recent
work has suggested that piezoelectricity in PZT may be explained by the growth of nano-scale
low-symmetry domains that average to a different higher-symmetry structure over longer-length
scales [238]. Within a certain compositional range, the substitution of Zr4+ for Ti4+ modifies
local cation environments and increases the piezoelectric response without altering the observed
long-range symmetry [221]. The fact that the local structure of such a disordered material can
now be interpreted as a result of fundamental known chemical rules is relevant for next-generation
materials engineering. In pyrochlore oxides, the propensity of the structure to disorder has been
linked with increased oxygen conductivity [239], a decrease in thermal conductivity [117], improved
performance in radiation fields [138, 58, 56, 163], and the emergence of exotic magnetic properties
such as spin ice behavior [240, 241]. This study has provided the basis to not only understand
these phenomena in terms of the underlying atomic arrangement, but also how to manipulate the
structure across different length scales to induce desired material properties.
Pauling’s original formulations were based on the nature of chemical bonds between ions, a
very short-range interaction dictated by quantum mechanics [4]. Thus, it is therefore not surprising
that a disordering mechanism will not violate these fundamental chemical rules. Once disorder
is induced via some internal (e.g., doping) or external (e.g., irradiation, pressure, mechanical
action) mechanism, the atomic structure will re-arrange itself to a specific configuration that is a
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Figure 9.6: Schematic illustration of atomic arrangements in ordered (left) and disordered (right)
ionic materials. The red circles represent anions and the different blue and green circles represent
unique cation species. When a material that appears structurally disordered material over longer
length scales is studied at the atomic-scale, the actual atomic configuration and accompanying
structural distortions obey Pauling’s rules. The rules are labeled for the length-scales over which
they are primarily applicable.
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direct consequence of Pauling’s rules. For example, inversion in spinel or cation antisite defects in
pyrochlore is not just simply switching atoms, which would violate these rules, but instead new sites
are created that accommodate the size and charge of the cations. Thus, this rearrangement and its
consequences for both the short- and long-range structures can be correctly predicted by Pauling’s
rules. While we have shown the examples of the behavior of spinel and pyrochlore structures, we
have experimental data that show the same behavior for doped-ThO2 , A2 BO5 oxides, and A3 BO7
oxides. Further, such complexity has been observed in materials disordered by intense radiation
[78], mechanochemical synthesis [144], or temperature exposure [210]. This demonstrates that
the new disordering concept presented in this study is, as Pauling’s rules were for ordered ionic
compounds, a general phenomenon for a wide range of disordered materials independent on
how the disorder is introduced. This knowledge is important as the specific short-range atomic
configurations in these materials are no longer represented by the observable long-range structure.
If disorder occurs in a crystalline material, Pauling’s rules can be utilized to predict which atoms
move from their ideal positions to their final arrangement within the disordered phase (Fig. 9.6).
This atomic-scale process is not random, as would be suggested by the structural behavior over
longer-length scales, but involves a high level of order that must be considered when designing
materials for energy-related applications.
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9.3
9.3.1

Methods
Neutron Total Scattering

Oxide materials for this study were prepared via conventional solid-state methods. Structural
characterization was performed at the NOMAD beamline [90] of Oak Ridge National Laboratory’s
Spallation Neutron Source. Polycrystalline powders (100-150 mg) of each sample were placed in
quartz capillaries and exposed to the thermal neutron beam. Scattering background was accounted
for by subtracting the scattering data collected from an empty quartz capillary of identical dimension
measured for an identical length of time to the sample of interest. The total scattering structure
function, S(Q), was produced by normalizing the background-corrected scattering data to neutron
scattering from vanadium (to account for the neutron spectrum). Using STOG [242], the pair
distribution function, g(r), was obtained from the structure function, S(Q), via Fourier transform
[92]:
1
g(r) = 1 + 2
2π r ρ0

Z
Q[S(Q) − 1] sin(Qr)dQ

(9.1)

where the integral was carried out over a Q-range of 0.2 - 31.4 Å-1 . The magnitude of the scattering
vector, Q, is given by:
Q=

4π sin θ
,
λ

(9.2)

where λ is the neutron wavelength. The pair distribution function, g(r), is related to the radial
distribution function, R(r) [3], by:

R(r) = 4πr 2 ρ0 g(r).
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(9.3)

where ρ0 is the sample atomic density.
Total scattering data was analyzed by a variety of methods including Rietveld [243] and smallbox refinement [3]. GSAS I [102] and GSAS II [103] were utilized to perform Rietveld refinement
of the diffraction patterns in which refined parameters included vertical scale, unit cell parameters,
atomic positions, atomic displacement parameters, and site occupancies when appropriate. PDFgui
[106] was used to perform small-box refinements of the PDFs; in addition to the same parameters
that are refined during Rietveld refinements, an additional parameter was refined to account for
correlated atomic motion that has the effect of sharpening the peaks in low-r. Simulated radial
distribution functions (RDF) were calculated using the relation:

coordination number =

Z
R(r)dr,

(9.4)

and accounting for the fact that the total RDF is composed of contributions from partial pair
correlations which are weighted by the product of the neutron scattering lengths and concentrations
of the atoms that comprise the pair.

9.3.2

First-Principles Calculations

To identify the thermodynamically stable forms of Ho2 Zr2 O7 and Ho2 Ti2 O7 and the different
atomic arrangements, we calculated the relative stabilities of four different phases by firstprinciples calculations: pyrochlore, weberite (Imma), and two weberite-type arrangements derived
by the C2221 structure of Y3 TaO7 . The electronic structure calculations are performed within
the DFT framework using the projector augmented wave (PAW) approach [244] for the corevalence interaction and the general gradient approximation with Perdew-Burke-Ernzerhof (PBE)
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generalized gradient approximation [245] for the exchange-correlation functional as implemented
in the VASP code [246].
The potentials use 9 valence electrons for Ho, 12 for Ti, 12 for Zr, and 6 for O. A plane-wave
kinetic energy cutoff was determined at 520 eV, with a uniform k-point mesh for Brillouin zone
sampling, adapted to each specific symmetry, based on the Monkhorst-Pack scheme [246] that
was found to be sufficient to achieve well converged energies. Electronic self-consistency was
considered achieved when the total energy change between electronic steps is less than ≤ 1µeV.
The lattice metric was relaxed for all crystal symmetries and the internal structural parameters were
relaxed until all Hellmann-Feynman forces on each ion were ≤ 2 meV/Å.
The primitive structure of the weberite-type structure can be used as a starting point for
modelling the A2 B2 O7 compounds. Obviously, the change of stoichiometry from A3 BO7 to
A2 B2 O7 destroys part of the symmetries of the structure. In the weberite-type A3 BO7 structures,
a quarter of the cations occupy the B site and are bonded to six O atoms, forming an octahedron.
Another quarter of the cations, occupy an A-type site and are bonded to eight O atoms, a polyhedron
that can be described as a distorted cube. The remaining half of the A-type cations occupy the
remaining A-type sites that are bonded to seven O atoms . A reasonable choice is to use a half of the
seven-fold bonded A-type site to accomodate the surplus of B cations of the A2 B2 O7 compound.
There are two simple non-equivalent choices for distributing the B cations onto the seven-fold
coordinated sites in an ordered way.
The first type of weberite-type structure corresponds to filling M1 and M2 sites with B-type ions.
The other type of structure is created by filling M1 and M3 sites with B-type ions. The resulting
symmetries in the conventional orthorhombic lattices are quite different. The DFT calculations
were performed in primitive structures containing 2 chemical formulas of the compound. A uniform
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Figure 9.7: (a) Neutron total scattering structure function of Ho2 Zr2 O7 . Bragg peaks are indexed
with the disordered, anion-deficient fluorite structure. (b) Experimental PDF of Ho2 Zr2 O7 (black
circles) compared with the disordered, anion-deficient fluorite model (red) and weberite-type
(C2221 ) model (blue). Partial PDFs (PDFs of only specific pairs of atom types) extracted from the
weberite-type model are shown as dashed lines below the total PDFs.

k-point mesh (6×6×5) for Brillouin zone sampling based on the Monkhorst-Pack scheme [247],
corresponding to 54 irreducible points for the type-1 structure and to 36 points for the type-2
structure, were found to be sufficient to achieve well converged energies. The space group of the
type-1 structure is monoclinic C21 /m. Unfortunately this group does not exist in the ITC, so we
can only use the simple monoclinic subgroup P21 /m to describe the type-1 structure in a standard
way. The direct consequence of this choice is that the list of independent atoms doubles because
each atom in the structure is duplicated by the explicit expression of the C-centring. The space
group of the type-2 structure, obtained transforming the primitive lattice back to the conventional
representation of weberite-type structures, is orthorhombic C2mm (group number 38 in ITC) but
with origin shift (0 0 14 ).
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Table 9.1: The DFT calculations in simple constrained symmetries confirm the better stability
of the ideal pyrochlore structure for Ho2 Ti2 O7 while they favor the weberite-type arrangement for
Ho2 Zr2 O7 .
Symmetry
Ho2 Ti2 O7 (eV)
isometric, Fd-3m
-192.565
monoclinic, C21 /m
-191.993

9.3.3

Ho2 Zr2 O7 (eV)
-198.240
-198.811

The fluorite structure in the Cmcm and C2221 space groups

The C2221 space group provides a description of the atomic arrangement in disordered, aniondeficient fluorite Ho2 Zr2 O7 that reproduces the experimental neutron PDF well (Fig. 9.7). The
first step for describing the fluorite structure in the C2221 space group of weberite-type systems is
to use a same lattice. The target pseudo-tetragonal lattice is incompatible with the 3-fold axes of
the Fm3m space group of fluorite. Therefore, we first reduce the symmetry of the fluorite lattice to
the tetragonal subgroup G1 isomorphic to F4/mmm. The index of G1 in Fm3m is 3, and there will
be three elements in the equivalence class of G1 obtained by applying two of the lost symmetry
operators: 4 y : z, y, x and 4 z : y, x, z. Then we can apply the following lattice transformation to
space group G1 :

PF→WT

*. 2 0 0 +/
..
//
.
= .. 0 1 1 ///
..
//
.
/
0 1 1
,
-

This lattice transformation has the effect of generating supplementary elements in the translation
part of the group that now consists of 16 vectors while the point group operations are kept unchanged.
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The second step of the process involves a proper choice of the symmetry elements of the space
group compatible with the desired final symmetry. To this purpose we can chose the following
symmetry elements as generators:

Cmcm generators
E

x, y, z

C

+(1/2, 1/2, 0)

i

x, y, z + 1/2

2x

x, y, z + 1/2

2y

x, y, z

The equivalence class of the subgroup Cmcm consists of 16 cosets:
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representative of the coset
{E|t 1 } x, y, z

cosets of Cmcm
G1

{E|t 2 } +(0, 0, 1/2)

{E|t 2 } ⊗ G1

{E|t 3 } +(1/4, 1/4, 1/4)

{E|t 3 } ⊗ G1

{E|t 4 } +(1/2, 1/2, 1/2)

{E|t 4 } ⊗ G1

{E|t 5 } +(1/4, 3/4, 3/4)

{E|t 5 } ⊗ G1

{E|t 6 } +(1/2, 0, 1/2)

{E|t 6 } ⊗ G1

{E|t 7 } +(3/4, 3/4, 1/4)

{E|t 7 } ⊗ G1

{E|t 8 } +(3/4, 3/4, 3/4)

{E|t 8 } ⊗ G1

4 x1

x, z, y

4 x1 ⊗ G1

4 x2

1 4

/ + x, z + 3/4, 1/4 + y

4 x2 ⊗ G1

4 x3

x, z + 1/2, 1/2 + y

4 x3 ⊗ G1

41x

1 4

/ + x, z + 1/4, 3/4 + y

41x ⊗ G1

42x1

1 2

/ + x, z + 1/2, 1/2 + y

42x1 ⊗ G1

42x2

1 2

/ + x, z + 1/2, y

42x2 ⊗ G1

43x1

3 4

/ + x, z + 3/4, 1/4 + y

43x1 ⊗ G1

43x2

3 4

/ + x, z + 3/4, 3/4 + y

43x2 ⊗ G1

They represent the 16 possible variants of symmetry Cmcm differing either by translations
or by 90◦ rotations. Overall, also considering the 3 cosets of the initial transformation there are
48 variants of type Cmcm in the equivalence class. note that this choice of generators produce
a origin shift of (0 0 1⁄4). Also, the further loss of the inversion centre (i : x, y, z) leads to the
subgroup C2221 (and to an equivalence class containing 96 variants, the further 48 obtained by the
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product of the cosets of Cmcm and the inversion i).The atomic positions of the fluorite structure
in the standard Cmcm space group (resorbing the origin shift) are summarized in Table 9.2 and in
Table 9.3 respectively. In the weberite-type structure, as Y3 TaO7 , M1 is occupied by the B-type of
cation, M2 and M3 by A-type cations. When averaging over variants, the effect of operator t 6 is
for instance to average sites M1 and M2 while t 3 averages for instance M1 and M3. All the 48 (96)
symmetry operators used to form the cosets are required to insure a cubic average of the generic
orthorhombic structure. The coset operators also average the anions and the vacant sites.
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√
Table 9.2: Fluorite crystal structure in the Cmcm space group (b0 = c0 = aF 2, a0 = 2aF ).
Atom
M1
M2
M3
O1
O2
O3
O4

x
0
1
⁄2
1
⁄4
3
⁄8
7
⁄8
1
⁄8
5
⁄8

y
0
0
1
⁄4
1
⁄4
3
⁄4
0
0
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z
⁄4
3
⁄4
1
⁄2
3
⁄4
1
⁄4
1
⁄2
0
1

Wyck.
4c
4c
8d
8g
8g
8e
8e

√
Table 9.3: Fluorite crystal structure in the C2221 space group (b0 = c0 = aF 2, a0 = 2aF ).
Atom
M1
M2
M3
O1
O2
O3a
O3b
O4a
O4b

x
0
1
⁄2
1
⁄4
3
⁄8
7
⁄8
1
⁄8
1⁄8
5
⁄8
5⁄8

y
0
0
1
⁄4
1
⁄4
3
⁄4
0
0
0
0
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z
⁄4
3
⁄4
1
⁄2
3
⁄4
1
⁄4
1
⁄2
1⁄2
0
0
1

Wyck.
4b
4b
8c
8c
8c
4a
4a
4a
4a

Chapter 10

Conclusions
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Complex oxides were disordered by chemical substitution, ion irradiation, temperature, and highenergy ball milling and experimentally investigated using the total scattering technique. Disorder
was shown to be hetergeneous across multiple length scales with the atomic arrangements not
modeled by the structure observed over longer length-scales. In spinel oxides, the disordering
mechanism, cation inversion, was shown to be better modeled at the atomic-scale with cationordered tetragonal and “normal” spinel phases. In pyrochlore oxides, the atomic-scale disordering
mechanism was shown to be driven by the 48f oxygen toward a vacancy-ordered weberite-type
arrangement. These two disordering mechanisms and associated atomic ordering schemes were
explained with a straightforward extension of Pauling’s rules to disordered crystalline materials.
This insight provides the framework to understand the expression of physical properties in terms
of fundamental chemical rules with the promise of manipulating materials across multiple lengthscales to engineer desired properties.
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Appendix A
The derivation of the pair distribution
function
This section gives a derivation of the pair distribution function from an experimental neutron total
scattering experiment.

A

The Pair Distribution Function

If one arbitrarily chooses an atom at random from a sample of interest, then the number of atoms
found at a certain distance, r, away can be given by the function, N(r) (Fig. A.1). This can be
scaled with the size of the increasing spherical shell to a number density as:
N (r)
= ρ(r),
4πr 2 dr

(A.1)

where ρ(r) can be imagined as a "pair density function," as it has the dimension of density and
refers to the number of pairs of atoms a distance, r, away from each other. It is useful to normalize
this function to the actual bulk number density of the material:
ρ(r)
= g(r),
ρ0
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(A.2)

Figure A.1: The function, N(r) in two dimensions.

where g(r) is a dimensionless function that ranges from 0 at low values of r to unity at high values
of r:
g(r)[dimensionless] =

ρ(r)
N (r)
=
2
ρ0
4πr dr ρ0

(A.3)

Thus, a coordination number, N, can be related to g(r) by:
N (r) =

Z

r max

4πr 2 ρ0 g(r)dr

(A.4)

r min

Therefore, if one has a way of obtaining g(r), they can probe the way atoms are coordinated with
one another.

B

The Scattering Amplitude

A free neutron can be described as a plane wave:
φ(z) = eikz

(A.5)

as it is the solution to the time-independent Schrodinger equation in a region of no potential. Here,
z is in the direction of the particle momentum, k (|k| = 2π/λ) . When scattered, the total wave
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function is given by:

0

ψ(r) = e

ikz

eik r
+ f (θ)
r

(A.6)

where the f (θ) is the relative amplitude of the scattered spherical wave to the incoming plane
wave, or scattering amplitude (the scattering vector can be given by Q = k − k’). The scattering
amplitude has the dimension of length. In neutron scattering, this quantity is given by using the
Born approximation with the Fermi pseudopotential:
Z
m
f Born (θ) =
eiQrV (r)dr
2π~2
2π~2
V (r) =
bδ(r)
m
!
Z
2
m
iQr 2π~
f Born (θ) =
bδ(r) dr
e
m
2π~2
f (θ) = b

(A.7)
(A.8)
(A.9)
(A.10)

where Q, the scattering vector, is ki − k f . The scattering amplitude is the Fourier transform of the
scattering potential. For single atom scattering of a free neutron then:
b
ψ(r) = eikz + eikr
r

(A.11)

However, for an assemblage of atoms the potential is:
V (r) =

X 2π~2

bi δ(ri )

(A.12)

bi δ(ri )dr

(A.13)

X

(A.14)

m

i

and the scattering amplitude becomes:
f (θ) =

Z
eiQr

X
i

f (θ) =

i
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bi eiQr

Instead of a discrete sum over all atoms, we can define an average scattering length (hbiN =

P

i bi )

and an atomic density function, ρa (r):
f (θ) = hbi

Z

ρa (r)eiQR dr

(A.15)

Simply integrating the atomic density function over all real-space gives back the number of atoms
in the sample. Therefore the atomic density function and sample scattering amplitude are related
by a Fourier transform. Unfortunately, we do not measure the sample scattering amplitude, but the
differential scattering cross section, the modulus squared of the scattering amplitude:
Z Z
dσ *X
iQri −iQrj +
2
/ = hbi
=.
bi b j e e
ρa (ri ) ρa (rj )eiQ(ri −rj ) dri drj
|F (θ)| =
dΩ
, i, j
2

(A.16)

This means that the differential scattering cross section arises from the instantaneous positions
of atoms relative to one another in space with the density in the integral standing for the density
of atoms separated by a certain distance, Ri − Rj . The differential scattering cross section can be
normalized to create a structure function, S(Q), such that:

S(Q) =

C

1
1 *X iQ(ri −rj ) +
1 dσ
2
/
.
=
=
e
(θ)|
|F
N i, j
hbi2 N dΩ hbi2 N
,

(A.17)

The Structure Function

We are interested in relating the fundamental reciprocal space function, S(Q), to the fundamental
real space function, the pair distribution function. We can manipulate the expression for S(Q) by
multiplying both sides by eiQR and integrating over Q-space.
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1
S(Q) =
|F (θ)| 2 =
2
Z hbi N
S(Q)eiQR dQ =
Z
S(Q)eiQR dQ =

Z Z
1
ρa (ri ) ρa (rj )eiQ(ri −rj ) dri drj
N
Z Z Z
1
ρa (ri ) ρa (rj )eiQ(ri −rj ) eiQR dri drj dQ
N
Z Z Z
1
ρa (ri ) ρa (rj )eiQ(ri −rj +R) dri drj dQ.
N

(A.18)
(A.19)
(A.20)
(A.21)

To get to the next step, we can now use the following expression for the Dirac Delta function:
1
δ(x − x 0 ) =
2π

Z

∞

eik (x−x 0 ),

(A.22)

−∞

which greatly simplifies the rest of the relations. Employing equation A.22 in three dimensions:
Z Z
(2π) 3
S(Q)e dQ =
ρa (ri ) ρa (rj )δ(ri − rj + R)dri drj
N
Z
Z
(2π) 3
iQR
S(Q)e dQ =
ρa (ri ) ρa (ri + R)dri
N
Z
S(Q)eiQR dQ = (2π) 3 ρa (R).
Z

iQR

(A.23)
(A.24)
(A.25)

Therefore, the function that represents the atomic distribution at some distance, R, away from
another atom is the Fourier transform of S(Q).
ρa (R) =

D

Z

1
(2π)

S(Q)eiQR dQ

3

(A.26)

Relation between S(Q) and G(r)

The pair density functions in equations A.2 and A.26 are identical.
g(r) =

Z

1
(2π) ρ0
3

266

S(Q)eiQr dQ

(A.27)

For powders and liquids, the angular variables are integrated out:
g(r) =
g(r) =
g(r) =

1

Z

(2π) ρ0
Z
1
3

(2π) ρ0
Z
2
2

S(Q)eiQr Q2 sin θdQdθdφ

(A.28)

S(Q)eiQR cos θ Q2 sin θdQdθ

(A.29)

sin Qr 2
Q sin θdQdθ
Qr

S(Q)

(2π) ρ0
Z
1
QS(Q) sin Qr dQ
g(r) = 2
2π r ρ0
2

(A.30)
(A.31)

To force the integral to converge at high-Q, unity is subtracted from both scattering functions:
1
g(r) − 1 = 2
2π r ρ0

Z
Q[S(Q) − 1] sin Qr dQ

(A.32)

which gives the conventional form:
2
G(r) = 4πr ρ0 [g(r) − 1] =
π

Z
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Q[S(Q) − 1] sin Qr dQ

(A.33)
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